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CHAPTER I 
PURPOSE OF STUDYAND STATEMENT OF PROBl,EM 
This research was undertaken as part of a program to study the sol~ 
vation behavior of divalent metal perchlorates in binacy solvent systems 
in which there isevidencl;!. of selective ion-solvent it1teracti~n. The 
term "selective ion-solvent interaction" (83,102) is applied when,the 
composition of,the solvent·components.in the neighborhood of the ions is 
different from the composition of the bulk solvent, 
The solvent system chosen fol'.;' study was 1-butanol :water. Wat~.r is, 
of course, the most common solvent while 1-butanol is the lowest molecu-
lar weight primary alcohol that·can be used for solvent extraction owing 
to miscibility limitations. 
Previous stud.ies (19, 57, 77, 99 ,115) indicate that many divalent . . . 
metal salts preferentially solvate water in mixed water:organic~solvent 
systems, Le,, form·"aquoc:omplexes". Solvation by water is pX'onounced 
even when the amount of water present is as small as 0.1% by weight, 
which is x,-oughly the·amount present in commercially available "dry" 
organic solvents, This quantity of water is not really small, as is· 
obviou~ when expressed on.the chemically more significant l!lolal scale, 
for it represents a concentration of about 0.06 molal. 
It was the objective of the.present study to obtain as·nearly a com-
plete thermodynamic description of the aquocomplex :f;ormation process aEi 
possible, This requires the evaluation of the st;.ep-wise free energies, 
1 
2 
enthalp;t.es, and entropies of aquocomplex formation. In the oourse.of the 
study these quantities w~re evaluated for the formation of aquocomplexes 
of calc:i.um, copper(II), zine, magnesium, manganese(!!), and strontium 
perchlorates in anhydrous 1-butanol, 
Method of. Study 
Incremental thermometric titration calorimetry (18,29,32,48,114) 
was chosen as the method of study, Thermometric titrations, first re-
ported being performed in 1909 (38,117), are·unique among titration 
methods in that they depend on an entropy term (70), Most tit,:-ation 
methods are."free energy" methods in that they· depend entirely on equi-
librium constant~ which are correlated logarithmically with free energies 
by the well-known equation 
• -,RTlnK , (1.1) 
By employing the thermomet:t.'ic titration method, one.takes advantage 
of. the fact that th.e reaction enthalpy is one of the most general proper-
ties of a chemical reaction, · It is an addit.ive function .of· the two re--
action parameters AG and TAS 
AH·= AG+ TAS (1.2) 
Since the two terms on the right side of Equation (1.2) are essen-
tially independent of each other (20,47,66), it is quite conceivable 
that·an.unfavorable free energy term may be.cotnpensated for by a favor-
able entropy term, 
Usually, data•from two different experiments are needed to calcu-
late·free energy, enthalpy, and entropy changes associated with a chemi-. 
3 
cal reaction. For example, the free energy change may be calculated 
from equilibrium constant measurements, and the ·enthalpy change. from 
calorimetric data.or·through the.van't Hoff isochore, requiring measure-
ments of equilibrium constants as a function of temperatui:-e. The "van't. 
Hoff isochore" method of obtaining enthalpies.is less preferable as it. 
is often subject to considerable err.or (82), 
However, for certain classes of reactions, free ertergy, enthalpy, 
and entropy changes can be deter!,llined from a single.set of calorimetriq 
data (15,16,18,28,69,97,104,105)0 The thermometric titration method de-
pends on calculation of the extent of reaction from the quantity of heat 
evolved. Its successful application .to a given system depends on satis-
faction of the.following conditions: 
l.· The enthalpy change for the reaction must be measureably d;i.f-
f erent from zero. 
2, The equilibrium constant and the.reaction conditions must be 
such that at equilibrium a measurable, but not quantitatively 
complete, amount of reaction has taken.place.· 
The thermometric titration method should then be of general useful-
ness in studying weak colorless complexes and reactions in nonaqueous 
solvents (29). 
Many organic liquids, such as 1-butanol, have a heat capacity sig-
nificantly less than that of water. (103), · This makes the tempetature 
change for a given quantity of ·heat evolved greater, and hence the method 
more sensitive. 
There are certain disadvantages to us;i.ng thermometric titrations for 
fundamental thermodynamic measurements. One .of these is the.necessity 
of making a correction for the.heat'of.mixing of the solvent with the 
4 
tit:rant. 
1-Butanol was 1 a fortunate choice of solvent for this.·study because 
the integral heat of mixing of water with 1-butanol is a linear'function 
of. water concentration at' low water concentrations . (57), Con,sequently, 
the heat of complexation of the metal ion 1s·eas:Uy obtained from the 
overall heat'of reaction and·a cc;,rrection term, which is·a simple linear· 
function of. the heat of mixing of water with 1-b.utanol.. 
The activity of water in.1-butanol has,been .thoroughly investigated· 
by Thomson et. 'aL (119), and by Webel;' and Randall (124), These groups. 
of workers each found the activity coefficient of water in 1-butanol to · 
be 1. 00 up to a water mole. fraction of about O. 25. This corresponds 
rough+y to the upper limit of water concentration considered in this 
study, 
In order·to .eliminate the unknown heat of dilution of the products 
of .the reaction and pe:i:-mit calculation of the enthalpy of reaction re-
ferred to the customary ideal standard·state of the solutes, .extrapola-
tion of the measured heat of reaction to infinite dilution and zero ionic. 
strength ,is required (29), Maintain:i,.ng a constant (approximately zero) 
ionic r;trength war; no problem in the present study .ar; conductivity 
r;tudies by Cheung (24). and Rands (112) have indicated that 2:1 per-
ch;I.orate salts at:e · almost .. completely associated ·in· 1-butanol up to tnuch 
higher water concentrati,ons.than,those investigated here. E:x:tending the 
measurements.to salt concentrations much less than.0.01 molar was not 
possible, however, because of the small values of the heat of formation 
of. the, aquocomplexe!;I. This may not. introduce. seriou$ .error, for studies 
by Christensen and.coworkers (25) have indicated that the value of ll.H 
for acid-base·reactions changes very littl:e in the range of ionic 
5 
st;engths from O.OM to O.OlM. 
Literature Survey of Earlier Aquocomplex Studies 
Investigation of the solvation of salts in mixed aqueot,1s~alcohol 
solvents dates back tQ, 1909 when Jones and Anderson (67) reported that 
the.absorption spectra of many transition metal and rare earth salts in 
methanol and ethallol solution conta:j..ning small amounts of water showed 
features of the spect:t;'a of the same salts in water alone.as well as 
featt.1res.obse'):'ved in alcohol alone. The spectra. were fot.1nd to be vir-
tually independent of anion concentration, and were, therefore, assumed 
to be caused by changes in salvation of the cation only. 
Tl).e first q~antitat;ive study of the stabi+ity of aquocomplexes in . 
aqueQus-alcohol soluti(;ms. was carried out in 1953 by Bj errum and Jorgen-
sep (13). They calculated the stability constant ,for the formaUon of. 
the first (1:1) aquocomplex of a mixture of praesodylilium(III) and 
neocl.ymium(III) chlorides (42% Pr, 58% Nd) in ,aqueous methanol from 
spectral data, employing the _method of."corresponding solutions" develop-. 
ed earlier by Bjerrum (12), A value of 1,7 was obtained for k1 , where, 
k1 .is defined by 
= (1.3) 
Jorgensen.(72), using the same tecl).nique employed in.the -earlier 
work with Bjerrum, studieq. the ,formation of aquocomplexes of copper(II), 
cobalt(II), and nickel nitrates in aqueous ethanol. He was able only to 
evaluate an "average formation constant", which he defined as· 
K = av (1.4) 
6 
Values of .kav obtained were 0.19, 1.08, and 0.82, respectively, for 
the .above three metal nitrates. The maximum coordination number was 
assumed to be six. In this study Jorgensen assumed. the nitratesalts 1 to 
be.dissociated el,ectrolytes in anhydrous·ethanol, with the observed 
spectral changes.due only to chal;lges.in salvation of the cation. This 
ass\lll\ption was challenged by Katzin and Gebert 03) on the basis of their 
work with cobalt(II) nitrate and percplorate in organi9 media·(74). 
These authors argued that the spectrum .. change·was due to replacement of 
nitrate by water in the first coordination .shell of the cation,. Bjerrum 
and ~orgensen ,(14) later agreed with the·content;,ion.of Katzin and Gebert 
regarding the inne.r · sphere coordination ,of nitrates but presented evi-
dence that! the spectral ch1:1,nges for cobalt(II) perchlorate in ethanol 
must be.due to hydration and not.;to perchlorate coordination.· This is 
in agreement with the findings of Yates, et. al.. (127) in a study of the 
hydration of divalent; perchlorates·and chlorides·in 2-octanol, The·ap-
patent'degree of hydration of cobalt(II) perchlorate and nickel per-
chlorate in 2-octanpl was determined by solvent extraction. Up to 12 
moles of hydrate water per mole of salt·were found to be coextracted 
with 2-occanoL This· seems to cemfirm the inability of the perchlorate 
anion to. function effectively as a coordinating ligand or to approach 
the .cation closely, The catton is. thus leftt free to exert its maximum 
influel}ce on the solvent molecules•: 
}1inc and Libus (94). also have studied aquocomplexing of copper(II) 
nitrate in ethanol by infrared spectroscopy, They obtained a·value of 
K of 0.15, which .is·in.fairly good agreement with the value obtained av 
by Jorgensen (72), 
In 1958; Vasil' ev (123) measured dis.sociation constants for the 
stepwise dissociation of .the aquocomplexes of cadmium, le~d(II), and 
thallium(!) in aqueous ethanol solution by polarography. For cadmium, 
values of 34, 47, and 50 were obtained for the stabilit, constants k3 
thro\,lgh k5 , respectively. For lead (II) , values. of 26, 44, 46, and 51 
were obtained for k2 thru k5 , respectively, For thallium(I), values of 
30 and 46 were obtained.for k2 and k3 , respectively. 
7 
Larson and Iwamoto (80), in 1961, ·evaluated the consecutive forms. ... ·· 
tion (stabilit;y) constants for the copper(II) perchlorate aquocomplexes 
in:nitromethaneboth.polarographically and spectroscopically in the. 
infrared, Formation constants obtained by the two methods are in close 
agreement and indicate that.the copper(II) ion has a much greater affin-
ity .for water.than for nitromethane •. Values obtained were 950, 96, 34, 
9.7, 7.2, and 7.0.for kl through k6 , respectively. 
In 1962, Friedman, and Plane. (44) studied the formation of aquocom-
plex of copper(II) perchlorate in acetone:-water and ethanol:water mix-. 
tures by spectroscopy. Constants were obtained for the step-Wise replace"'" 
ment of two water molecules in the primary hydration sphere by the 
organic solvent, From this data one calculates the stability constants 
-2 
fot' the fifth a17,d sixth aquocomplexes to be 1,8 and 3.9x·l0 , respec-, 
-3 tively. For acetone, corresponding values of 3.7 anq. 3.1 x 10 are ob-
tained. The magnitude of the equilibrium constants indicate that acetone 
and ethanol.are preferred over water only for.the sixth coordination. 
site. 
Nelson and Iwamoto. (100) have also studied the salvation by water 
of copper(Il) in acetone, Measurements were made by polarography and, 
of necessity, a carrier electrolyte was included in .the solution. One-
tenth molar lithiul'!l perchlorate was used in one set of measurements, and 
8 
O.lM tetra~n .. butyl ammonium perchlorate in another. Therefore, a strict 
comparison of the formation constants obtained by Nelson and Iwamoto 
(100) with those obtained by Friedman and Plane (44) is not as meaningful 
as it might be .because of the .difference in the solvent ·medium .caused by 
the presence of the carrier electrolyte. With lithium perchlorate as 
carrier electrolyte the values 56, 32, 9. 9, and 3. 2 were obtained for · 
the formation constants, k1 thtough k4 , respectively. With. tetra--n .. btityl 
ammonium perchlo.rate as carrier, values of 56, 18, 6. 3, and 4 ~ 5 .were ob.;. 
ta.ined for k1 thi:rough k4 , respectively. 
In 1963, Luz and•Meiboom (87) studied the salvation.of cobalt(!!) 
percblorate in methanol~water mixtures at low temperatures by nuclear 
magnetic resonance, The .data best fit a .model consisting of a monoaquat.:. 
ed complex in equilibriull). with the . £!.! and trans .. isomers of a diaquated 
2 2 . 
species, Values of 44, L 5 x 10 , and 2. 4 x 10 were obtained for ~l' 
s;rans, and S~is, (see the Glossary in Appendix E, for the .meaning of the 
symbols). 
Jayne and l<ing (65) have stud.ied the salvation of chromium(III) in 
acidified water:methanol solvents. Equilibrium .constants were obtained 
from ion ... exchange data for the stepwise replacement of water by methanol, 
Values obtained.were.6.0 x 10-1 , 3.3 x 10-1 , 4 x 10-2 , and 3 x 10-2 for 
the replacement of the first four wate.r molecules by alcohol, respective-. 
1>7. Pasternack and Plane (106), in 1965, extended the earlier work.of· 
Friedman ·and Plane (44) to include cobalt (II). and nickel perchlorates, 
The· results are· similar. to those. for copper (II) in that there appears to 
be a marked dispari.ty in the magnitude of k5 and k6 , six coordination 
being assumed. Values of k5 and. k6 for cobalt(II) in ethanol were 2.9 
and 6.0 x 10-3 , respectively, For cobalt(II) in acetone, corresponding 
values of 3.6 and 1.5 x 10-2 were obtained. For nickel in ethanol, 
values of 5, 7 x 10-l and 4, 9 ,.x 10-3 were found, In acetone , .the values 
-2 were 6.2 and 2,1 x 10 , respectively. 
Aquocomplexing of monovalent cations in.acetonitrile ,has been in.,-
vestigated by Chantooni and Kohlthoff (23), , Formation constants for 
aquocomplex~s of .. lithium, sod.i\Ull, potassium,. and cesium salts were 
9 
evaluated,by solubility measurements. Values of th,e formation constants 
were small, r~nging from 0,5 to 2,0, 
Kemp and King (76) have extended·earlier investigations of the sol-
vation behavior of. chromium(II:C) to include acidified water.:ethanol sol-,. 
vent mixtures., The slow exchange rate of solvent molecules in the first 
solv:ation sphere, of ·chromium(III) al.lowed separation of differently sol-: 
vated species by ion ex9hange, Equilibrium constants were calculated 
for the replacement of .water by et-hanol in ,the first coordination shell,. 
-1 -1 -2 Val1:1es obtained were 4, 2 x 10 , lo 3 x 10 , and 4, 0 x 10 for replace-
ment of the first; three water molecules,. respectively, 
Probably the. most complete thermodynamic · st~dy of aquoc~mplex fer-
mation of metal ions in organic.solvents is that of Harris and Moore 
(58). Formation,const;:ants, enthalpies, and entropies. were evaluated for 
the.stepwise formation of the assumed six aquocomplexes of cqbalt(II) and 
nickel perchlorates in L-butanol. The assumption of six coordination is· 
in.agreelllent with the findings of McM:anemy (92) in a solvent.,..extraction 
study of cobalt(II), copper(!!), and zinc .nitrates in water:1-butanol 
mixtures. McManemy calculated apparent hydratioh numbers of 7.0, 5.3, 
and;6,0, respectively, for ·the three ions. 
The magnitude pf the formation constants obtained by Harris and 
Moore. (58) indicate that.the metal ions studied have a.much greater 
10 
affinity for water than .for the organic solvent. The present research 
reports an.extension of this work to other metal perchlorates in butanol. 
Stability constants reported in the studies discussed above are 
list~d in.Table I for convenienceo 
TABLE I 
STABILITY CONSTANTS OBTAINED IN OTHER AQUOCOMPLEX STUDIES 
Metal Solvent. k kl k2 av k3 k4 k5 k6 Method Ref. 
Nd/Pr 0 72 E --- 1. 7 x 10 -- -- -- - -- IR Spect. -1 Cu(II) E 1.9 x 10 -- -- ·-- -- -- - IR Spect. 13 
Co(II) E 1.1 x 10° -- -- - -- -- - IR Spect. 13 
Ni (II) E 8.2 x 10-1 -- -- -- -- -- - IR Spect. 13 
Cu(II) E 1.5 x 10-1 -- -- -- - -- IR Spect. 94 1 1 1 Cd(II) E --- -- -- 3.4 x 10 4.7 x 101 5.0 x 10 -- Polarog. 123 
Pl:>(II) E --- -- 2.6 x 101 4.4 x 101 4.6 x 1.0 5 .1 x 101 -- Polarog. 12.'3 
Tl(l) E --- -- 3.0 x 101 4.6 x 101 -- -- -- Polarog. 123 3 8.3 x 101 1. 7 x 101 8. 7 x 10° 3.3 x 10° 3.2 x 10° Cu(II) N --- 8.0 x 10 Polarog. 80 
Cu(Il) W/A --- -- -- -- -- 3.7 x 10° 3.1 x 10-3 IR Spect. 44 
Cu(II) W/E 0 3.9 x 10-2 IR Spect; 44 --- -- -- -- -- 1.8 x 10 
Cu{ll) 1 1 0 0 A --- 5.6 x 10 1.8 x 101 6.3 x 10 ~:!: ~~o -- - Polarog. 100 Cu(.II) A -- 5.6 x 101 3.2 x 10 1.0 x 101 -- -- Polarog. 100 
Co(II) M -- 4.4 x 101 3.4 x 100* -- -- -- -- NMR 87 
5.5 x 100** 
Co(Il) 0 6.0 x 10-3 IR Spect. 106 E -- ·-- -- -- -- 2.9 x 10 
Co(lI) 0 1.5 x 10-2 IR Spect. 106 A --- -- -- -- -- 3.6 x 10 
Ni (II) E --- -- -- -- -- 4.9 x 10-1 4,9 x 10-3 IR Spect. 106 
Ni (Il) A --·- -- -- - - 6.2 x 10° 2.1 x 10-2 IR Spect. 106 
Cr(lII) 2.5 x 101 7. 7 x 10° 0 E --- 2.4 x 10 -- -- -- Ion Exch. 76 
Cr(IIl) M --- 3.3 x 101 2.5 x 101 3.3 x 10° 1.6 x 10° -- -- Ion Exch. 76 
Co(Il) B --- 5.7 x 101 2.1 x 101 1.1 x 101 3.5 x 10° 9 .1 x 10° 2.5 x 101 Calorim. 58 
Ni(Il) B --- 6.4 x 101 2. 7 x 101 1.4 x 101 7.0 x 10° 4.0 x 10° 2.3 X. lOO Calorim. 58 
K AN --- 1.0 x 10° -- -- -- -- - Solub. 23 
Na AN. --- 2.0 x 10° -- -- -- -- -- Solub. 23 
Cs· AN --- s.o x 10-1 -- -- -- --· -- Solub. 23 
Solvent Abbreviations: E - ethanol N - nitromethane A - acetone W - water M - methanol B - 1-butanol 




THEORY OF THE PROPOSED METHOD 
Corresponding Solutions 
For the calculation of st;ability constants, an adaptation of 
Bjerrum's method.of,"corresponding solutions." (12,45,46,62,126) applica-
ble to the calorimetric data was employed, This is developed in detail 
in ,what follows in a manner which. is strictly applicable to 2:1 metal 
salts, but -which can.be easily extended to other types. 
Assume that t;he reaction of ligand L with metal M oceurs with equal 
ease for solvated ion (MSN++) and ion~associate (MSN++•2X-), It wili be 
shown later, however, that the latter predominates in the low dielectric 
solvent 1-butanol. ·Assume also that in.the calorimeter reaction vessel 
there are z moles of .metal salt MX2 at analytical concentration CM and 
that·the addition of y mol,es of ligand produces an analytical ligand 
concentration c1 o Consider now the reaction 
N 
zM(si;:iln) + yL (liq) -+ z E a. ML (soln) + Q 
1 n n rx 
(2 .1) 
where a.n is the.fraction .of·salt Min aquocomplex MLn at equilibrium and 
Q is the heat of reaction of M with L. The mixing of wat~r (L) with rx · 






-o Hi:· = standard molar enthalpy of, pure liquiq. L. 
8i.. =. partial molar enthalpy of Lin binary solution at concen.-
tration CL" 
O = heat of mixing of L with solvent. ~ix 
Dividing Equation (2.1) by z and formulating the corresponding .ther-:-
mal equation yields 
= (2.3) 
where 
-* ~· = partial molal enthalpy of Min the binary refer-
ence solution. ' 
= respective partial molar enthalpies in the equi-
librium mixture. 
Equation (2.3) can be rearranged and combined with (2.2) to give 
~(ii 1 -ii*_-nii*) ct =(1-¥ct )(ii*-ii) + <f- ~ na; )(ir-ii) + (yoi -Q )(2.4) 1 ~~ n. · M -L n 1 n -~ -~ · · · 1 n -L -L · 'In n rx 
The first two terms on the right are, in effect; the corrections 
for excess (free) metal and ligand·re~pectively, Such terms will be 
small for dilute solutions., and at infinite dilution will be zero. 
Consider·. now a· second concentration of metal .and ligand t C~ and CL', 
and the thermal equation .corresponding to, (2.4). By taking the differ-
ence between the new equation ,and (2o4), one has 
N N _* _ y N _* ... 
t.Lh ct =./J.(1-Lct )(H"'""H) + li(-z - Lnct )(H''-H_) + f:.(yoi -Q )/z (2.5) 1 n n 1 n -~ -~ 1 n -L -L 'In x rx 
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where 
When the. last term on the right side of (2.5) is made zero by 
proper choice of salt and ligand CO"ncentration, Equation (2,5) becomes 
N 
Eh a. 
1 n n 
N 
- Eh a. I 
1 n n 
N = Eh (a. - a.') : 0 J 
1 n n n (2.6) 
Consider further·the case wher;e the term on the right side of Equa'."' 
tion (2.6) is zero. Since the h's are not all zero, it follows .that a. 
n 
"' a.' for all the n's. Such solutions. are said to. be corresponding, and 
n 




1 n n 
N 
• . Eh (ML ) • 
1 n n 
(2.7) 
To find such corresponding solutions, a plot of ·CL vs.AH/CM is made, 
and the val.ues of CL and C{ are found for which AH/CM and AH'/CM' are 
equal. This is done by drawing lines p~rallel to the c1 axis for varying 
values of AH/CM, 
Equations (2,5) and (2.6) may be used similarly to find correspond-
ing solutions in the .range of small conc~ntrations of CM, for then Equa-
tion (2.6) holds with little error. Witl'). decreasing salt concentration 
(2.6) becomes.more.exact, but even at moderate cqncentrations the equa7 
tion may still hold quite well. This is due.to the smallness of the 
<a: - ~} and(~~ H1 ) terms in Equation (2.5), 
For the general case, of complex ML , the overall formation consta:nt 
n 
Bn is defined by 
f3 = (ML JI (M) (L)n. 
n. n (2.8) 
The analyti~al metal concentration is given by 
c • 
M (M) + (ML) + • • • + (MLN) 




By combining (2.8) and (2.10) and factoring out the free metal con-
centration (M) one has 
(2.11) 
and it is obvious from inspection that since the S's are constants, 
a • f(L) 
a function of the.free ligand concentration only for a given metal.· 
When a. = a.' n n 
an = 
N 
S (L) n /Z: S (L) n 
n O n 
= 
N 
S (L ' ) n I r: S (L ' ) n 
n O n 
= Cl, I 
n 
(2.12) 
and therefore (L) = (L'). For corresponding solutions, a. = a.' for all n n 
n, and (L) = (L'). 
From Bjerrum's treatment of stepwise complex formation in solution 
n = 
N N 
r:nS (L)n/ES (L)n 
1 n O n 
(2.13) 
by definition, where n is the "average ligand number". Bjerrum (12) 
called the relationship of Equation (2.13) the "formation function" of 
the system, for it represents the average number of ligands bound per 
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metal atom. 
If the C:H)ncentration of free l;Lgand is known, the formation func"." 
tion may.l,,e calculated directly from the def:l.ning equation and values of· 
(2.14) 
By rearranging Equation (2,14) to give 
(2 .15) 
one has .. the familia,:i: equati.on of a strai:ght line where n is · the slope 
and·. (L) is the intercept. · 
According to Equations. (2; 7) and (2 .13), when AU/CM • AlJ. 1 /CM', the· 
solutions.are cqrresponding, and·tharefore (L) =- (L'). One sho1.1ld be· 
able to sele~t values .of Ali/CM wheie Equation . (2, 7) holds, as shown in. 
Figure la~ From a. plot ,of the correspond·ing values . of c1 and CM, one 
obtains .a series of straight, lines with elopes equal ton and.intercepts 
of .(L). This.is illustra,ted in Figure lb. 
Once. a aet , .of n and (L) values . have.· been dete:i;mined, one can pro":" 
ceecl with the.ca:):.c\,llation of stability constants ut.ilizing Equation 
(2;13). Details of the ci,.leulation are given in a later chapter. 
From the set.of ·e;tability cqnstants, the corresponding enthalpies 
can be calc\,llated fol~6wing the relation 
where h1 .is the entha+PY change associated with the reaction 
M + iL + ML1 
(2 .16) 
c ------- -- ... -
L I 
I 
ilH /CM rx 
Figure la 
Figure lb 
The Corresponding Solutions Method of Determining ii and (L) 
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1.8 
Equation (2~16) can be expressed in'a form more convenient for 
purposes of calculation. 
(2.17) 
This has·the form of a.linear equation and the hi's can be calcu-
la.tec;l by· straightforward leaE,!t-squares pro.cedures. 
Once: the stability constants.and enthalpies have been determined, 
calculation of the stepwise entropies of aquocomplex formation can be. 
accomplished,easily via the.equation· 
AS· •· h /T + R ln ° i i . ~i 
Assumptions of the Theory 
(2.18) 
In .the foregoing discussion the theory of corresponding solutions 
has·been devel.oped in a general sense, but severa;L assumptions are 
necessary. for succes.sful application of · the method to specific systems. 
Al.though th.e problem has been considered in detail by Harris and Moore 
(58), their analysis.is reviewed here because of its relevancy. 
Consider .the following two reaction,possibilities, Let X be the 




Then, if one defines· 
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n a • Tik (p•o) n · o no (2.21) 
and 
a • ~k I p o.np (2,22) 
it follows that' 
(ML x ) • (M) (L)n(xl $ 6 
n p n p (2.23) 
The average ligand n\lIIlb~r again be.formulated 
n .. (CL - (L))/CM = i I n Sn 6p (M) (L)n(x)P ii I Sn 1\ (M) (L)n(x)P 
(2.24) 
Let w be i;he frac:.tion of Mas the complex ML X·. Then np · ··n p 
w • (ML X )/C np n p M 
and·hence 
_ n P n P 
n. =· t l: n(ML)C )/CM = l: t nw o o , · n p · o o np 
Similarly, for the.heat c,f reaction 
n p 
l:. t. h. (ML X ) /CM () o· np n p 
If one finds .. two scilutiona. such. that 
AH ... AH' 
then one has from EquaUon (2.27) 
t th w 
o o np !lP 
n P 






Equation (2.29) can hold for all values of h only if w = w ', · np np np 
for presumably h · • h. ' always. Since the ·w 's are· all equal, it np np np 
follows that·n • n', 'l,eca.use, according to Equation (2.26)~ the n's are 
the same function ,of the wnp's. 
Furthermore, one notes that 
(2.30) 
Thus, w is ind.ependent of (X) if, and only if; (X) can be elimin.,... np 
ated from Equation (2.30) by cancellation, i.e., if p = O or if pis. 
constant and Equation (2.30) teduces to·Equation (2.11). When p = O one 
has complete dissociation. When p ~ 1 and is constant, one has the case 
of complete ion-associa.tion. 
It should be.emphasized that unl,ess pis constant (including zero) 
Equation·(2.30) will ,not reduce to the form of Equat;ion (2.11), and a 
plot of c1 vs CM would not be expeqted to be linear. 
Experimental eviden~e in the torm of conductivity measurements and 
spectral·. studies will be presented later to support .the hypothesis that 
in bqtanol solution the perchlora,tes studied .are only slightly ionized 
over the concentratio'Q. range investiga~ed. 
CHAPTE;R III· 
APPARATUS AND PROCEDURE 
Materials 
1-butanol (J. T. Baker), Reagent grade was used after removal of 
water by a,method to be explained later; b.p. 117.5°c. Chromatc;,graphic 
analysis showed no significant impurities. 
Di sodium Ethylenediaminetetraacetate (J. T. Baker). Analyzed 
reagent g~ade was used without further purification. 
Karl Fischer Reagent (Baker and Adamson). St~bilized solution was 
used after dilution with absolute methanol, 
Nitrogen (Linde), Lamp grade wa!:l used for purging equipment after 
being passed through a molecular sieve trap, 
Methanol, Absolute .(J, T. Baker, analyzed), Reagent,grade was used 
without further purification. 
Molecular Sieve (Union Carbide Corporation) • Type 4A was. used after 
being reactivated at 400°c. in a drying over for 48 hours. 
Perchlorates of copper (II), calciuw, mangane1:1e (II), zinc, mag-
nesium, strontium, and barium (Hydrated) (G. F. Smith Co.). Reagent 
grade was placed directly in.the solvent and the solution was dried by 
a procedure to be explained later, 
Tetra-:-!!_-Butylammonium Perchlorate (G. F. Smith Co.). Reagent grade 




Water. Laboratory distilled water was further purified by passing 
through a Deeminac mixed b.ed ion exchange column. 
Potassium Chloride (J. T. Baker). Reagent grade was dried for 
0 24 hours at 110 C. prior to use. 
Zinc (J. T. Baker). 
24 hours prior to use. 
0 Electrolytic grade.was dried at 130 c. for 
The· Calorimeter 
The calorimeter (Figure 2) used in this study was essentially the 
same as that described by Moore (96), which was patterned closely.after 
other.incremental thermometric tit'l;'ation calorimeters of .proven design 
(5, 32, 48, 111, 114). All pari;:s of the calorimeter in contact with 
the solution were made of gJ,.ass except for the internal heater wire (A) 
and the Teflon titrant injection needle.(B). The calorimeter vessel 
was a silvered-glass dewar flask having a volume of about,35 cc. 
The 18-gauge Teflc:m tit rant injection needle was fitted through 
a serum-stoppered opening (C) where it was.attached through a luer-lok to 
a RG precision micrometer syring (0.001 cc divisions, 0.02% accuracy, 
2.5 cc capactty). The lower half of the needle was coiled around the 
internal he~ter body below the surface o~ the solution. This insured 
that.the titrant and solution would be very close to thermal equilibrium 
at the time of mixing. The minimum time spent by titrant.in the coiled 
immersed part of the·. needle was over five minutes, which should have 
been ample time for the small.volume of .titrant and the solution to 
reach thermal equilibrium. 
The stirrer (D) was a glass rod with paddles molded to th.e end. 










Figure 2, The Internal Parts of the Calorimeter 
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by a one-..inch length .of tygon tubing. The. stirrer was powered by a 
Gerald K. Heller model GT21 · elect.ric motor. The rpm of the mot0r was 
closely controlled by a Cole .. Parmer model GTn Thyratron motor 
controller. The stirrer was operated· at 600 rpm. This speed was the 
best compromise betwee)n a short mixing time and a minimal amount of 
stirring no:tse and heating. 
The temperature sensing element (E) was a 105 ohm Victory 
Engineering Co. thermistor. The thermistor formed one arm of a.wheat ... 
stone bridge. The unbalanced potential of the bridge was ·measured by. 
a Sargent model SRG reco:i:;ding potentiometer operating in the 10 
millivolt range. The thermistor had a temperature coefficient of 
resistance of ... 4.6%/ 0c. and.was operated at a potential of 10.0 volts 
to the bridge. A Trygon Electro~ics .co. constant voltage source 
supplied voltage to the thermistor.· 
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Variable resistors in the bridge were digital,. reading Borg Equipment 
Co. precision helipote1 with a linear .. tolerance of O, 1%. The bridge was 
operated at a sensitivity of 0.10 to 0.25 calories per inch of pen 
travel on the recorder. Measurements were made to the nearest hundredth 
of an inch. Higher sensitivities could be obtained by applying a greater 
potential across the thermistor. Stirrer noise, however, quickly became 
a problem if the bridge voltage were greater than ten volts. Stirrer 
noise at higher bridge voltages caused the recorder.pen to oscillate 
about its drift line to such an extent that the.accuracy of measuring the 
pen travel after addition of titrant became less accurate than the· 
aforementioned O. 01 inch. Preliminary experiments showec;l that the pen 
displacement was a linear function of temperature for small temperature 
changes. 'J;he .resistance of a thermistor is known·to.be·a logarithmic 
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function of temperature (2, 8, 17, 36, 61, 68, 98) but can be considered 
linear for very sm~ll temperature changes such as those.encountered in 
the present study. 
The calorimeter was equipped with the electrical calibrating circuit 
shown in Figure 3. A constant; calibrating .volti;ige·was supplied by the 
laboratory de line (provided by.a battery bank) which was run through a 
Valor Instrum~nt Co, voltage regulator. Approximately.28 volts were 
supplied t0. the.voltage regulator which red\1'ced the voltage to.about five 
volts before.entering the calibration circuit. The voltage regulator 
was connected to a.Genetal Radio Co. type 1432-f decade·resistanc~ box 
serving as a "d1:1mmy · heat~r". This was adjusted to match the. res:f,sta.nce 
of the .heater in the calorimeter. A relay syst.em connects an X-ray 
tim.er and time switch to the heater. The heater is externally wou,;i.d with 
-3 six feet of 3.4 x 10 inch diameter platinum wire on a concentric glass 
form. The heater provided a total res:f,stance of about thirty ohms. In 
operation the voltage across the h~ater was.of the order of 0.9 volts. 
A Rubicon pot~ntiometer was used to measure the potential a9ross a 
secondary standard General Radio type 500-B .resistor· sealed in a dewar 
flask at ro~m temperature. This resistance was connected in series with 
the heate:i;-. The siec<;mdary ·standard was s.tandardized against a Leeds and 
Northrup 4025-B National Bureau of Standards type.re$istor (10.000 + 
0.0005 ohms at 25°c). The secondary standard had a resistance of 
10.000 + 0.003 ohms at 25°c. 
The calorimeter vessel was a silvered dewar ,flask with a .Standard 
Taper 50/ 40 ml!l top, closed except for .port1;1 for. stirrer and thermhtor •. 
When sealed in place, the entire unit was.gas tight. The·.dewal;' flask 
was placed in a specially designed glass watex:- jacket through which 
















Figure 3, A Schematic of the Temperature Sensing and 
Heat Capacity Calibration Circuitry 
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constant· temperature water was circulated. There .was a small annular , 
air space. between the water jacket and the dewar, flask. This provided . 
a controlled environment for the flask.· 
The dewar flask was held rigidly in place by a styrofoam plastic 
ring. The air space· and styrofoam ring allowed for limited conduc:tion 
of the mechanical .heat of stirring away from the dewar.· The temperature 
of the water in the jacket was then adjusted so that the drift line of 
the recorder pen was flat (no net heating or cooling). 
The heat capacity of the system was calculated by the equation 
Cp = iEt/4.185s calories/inch of pen travel (3 .1) 
where 
i = current across the heater in amperes. This can be calculated 
by dividing the potential drop (in volts) across the standard 
resistor by 10~0. 
E = potential drop acro~s the heater in volts. 
t = J,.ength of time current is flowing in secom;ls. 
s = distance of pen travel in inches. 
4.185 = joules per calorie. 
The performance of the calorimeter was. checked by Harris (57) by 
measurement of the well-studied heat of formation of water (54,56). 
Conditions were made as nearly like those in the nonaqueous titration 
as possible. A titration of O.l4452 molal HCl with 3.9937 molar NaOH, 
0 for example, gave a value of -13.46 kcal/mole at 25 C. This is in 
agreement with 1% of the calorimetrically determined value determined by 
Hale, et~ al. (54). 
The overall performance of. the calorimeter was also chec:ked by 
a measurement of the endothermic heat of mi~ing of water with 1-butanol. 
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A value of 432 cal (mole water):""1 (~g l-buta,nol)-1 was obtained. This 
is in close.agreement with the value of 432 + 2 determined by Harris (57), 
Preparation of Dry Solutions 
In order to determine the consta,nts (k1 , k2, etc.) for the formation 
of the .lowest aquocomplexes, it ,is necessary to start with a salt 
solution which is anhydrous, As perchlorate salts are hydrated in the 
solid state and are gene~ally unstable to heating to the temperatures 
necessary to remove the hydrate water, it was necessary to dry the 
solutions after the hydrated salt had been dissolved in the solvent 1-
butanol. 
Arthur, Haynes, and Varga (4) have developed a.very effective 
method for drying salt.solutions employing molecular sieves and a 
modified soxhiet extractoi:, · Ha:i::ris (5 7) used. this technique· with the 
addition of an apparatus for refluxing under vacuum conditions. So-
lutions used in.the present study were also dried by this method, 
After preliminary distillation to remove the water-rich azeotrope, 
(boiling point =·96°c at.760 torr) (120) it was necessary to carry out 
the remainder of the reflux operation at reduced pressure bec;:ause of .the 
0 high boiling point of 1-butanol (117 C) at atmespheric pressure. With 
extremely dry f3olutions,at .this temperijture there is danger that.the 
perchlorate salts will be unstable in solution toward reduction by the 
solvent, Harris (57) refluxed solutions of cobalt· (II) and nickel 
percblorates at 35°c. and 15 torr and obtained solutions .containing 
less than 10-3% water by weight in four to six hours. Solutions used in 
this study required longer refluxing times at higher temperatures (less 
vacuum), 
Solutions of .calcium perchlorate in 1-butanol could be dried 
satisfactorily in 12 to 14 hours by refluxing at a t~mperature of 60°c. 
over type 4A molecular sieve. 
In the case of cc;>pper (II) perchlq.rate in 1-butanol, prolonged 
refluxing (up to 50 hours) at·temperatures up to so0 c. produced 
solutions no drier than 0.09% water by weight as determined by Karl 
Fischer titration. The coppe:i;(II) concentration in the solution was· 
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about 0.43 melal, giving a salt/water ratio of about ten to one. At 
temperatures much above so0 c the color of the solution darkened.and took 
on·a .brownish hue. This was taken to. be evidence of decomposition. Uried 
solutions ha~ the .characterist;tc blue-green.color of the solvated 
copper(!!).: ion. 
Zinc perchlorate in 1-butanql required approximately 30 hours of 
0 refluxi~g at 65 C ~ The soluti,ons • remained colorless throughout the 
drying process •. 
Manga11-ese(II) perchlorate.in 1-buta'I).ol required approximately.30 
hours of refl1,1Xing at a temperature.of 65°c. The dry solutions had the 
characteristic light pink color of the solyated manganese(!!) ion. 
Magnesium perchlorat;:e.in,1-but;anol required approximately 30 
hours of refluxing, '.l'he,reflux was carded out at; atmospheric pressure, 
The solution remained colorless throughout the drying process. 
Strontium, barium, and.lithium perchlorat;:es in 1-butanol required 
approximately 20 hours of refluxing at atmospheric pressure. The so-
lutions remained colqrless throughout.the drying proc;.ess. The molal 
salt concentrations and final weight perc;.ent.water of the stock so-
lutions are listed in Table lI. 
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TABLE;. II 
CONC:B;NTRATION AND WEIGHT PERCENT WATER IN 
METAL fERCHLORATE STOCK SOLUTIONS'. 
Cu Ca Mn Li Mg Sr Ba Zn 
Molal salt• con. ' 0.43 0.56 0.57 0.28 . 0.53 0 .50 · 0.34 · O .57 . 
Weight percent w.a~er .091' .004. .008 .003. .010 .015 .006 .018 
Determination of Metal Concentrations 
Stront;i.um was'determ:i,.ned,with ethyl,eneq.iaminetetraacetic acid (EDTA), 
disod:Lum salt, via a displacement titration (9). Two milliliters of 
magnesium-EDT~ solution Wiil.S adq.ed to the salution to be titrated. The 
solution was b.uffered to pH 10 and titrated to an Erioc.hrome Black T 
end point:. 
Bar:Lum was determine9 by d:i,.rect titration with EDTA in a solu~ion 
of pH 12.8 using 3'-3".Bis N,N-bis(carboxymethyl) amino methyl thymol-;-
sulfonet:halein pentasodium salt as the indicator.. The color change was 
from blue to clear (78). l:\eS!t.results were obtained by overt:Ltrating 
with EDTA, add:j.ng barium s.olution unt:U the color just changed back to 
blue, and then proceeding to the end point with EDTA. 
Mangane!:!e(ll), magne!:!ium, and zinc were determ:i,ned directly as 
descr:Lbed by Flaschka (41). The solutions were titra,ted at pH 10 
with EDTA using Eirechrome Black.T as the indicator. 
Copper (II) was determined with EDTA in. a 50% water: ethanol 
solµt:ion. The solution was buff.ered to pH 5 and titrated with 1-(2-
pyridylazo) .-2-naphthol (fAN). · The· color change was from deep red-violet 
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to canaty yellow, , 
Lithium was determi~ed indirectly by gravimetry by precipitating 
lithium perchlorate witq tetr,phenylarsonium chloride hydrochloride (79), 
CalciuI\l was detemined at pH 12 with EDTA using Eirochrome Blue SE 
(Lamont,Laborato;ries) as the indicator. This indicator gives a very 
sharp pink-to-,blue ,end point, The·pH 12.buffer was prepared from an 
aqueous solution of ethylamine by adding ammonium chloride to attain 
the desired pH, 
Metal concentrations were first determined as moles/kg of so-
lution and then converted to molar concentrations via density measure-
ments, A linear relation was found between moles of .salt per kg. of 
solution and the densi~y of the solution for all salt .solutions except 
coppel;'(II). over the entire concentration range studied, Plots of 
concentration vs. density are shown in,Figure 4. 
Water Analysis. 
The water content of "dried" stock, solutions was determined by.· 
Karl Fischer titrat;:ion (40,95) employing polarized electrodes an.d a 
Backman Expanded Sca*e pH meter as a null-point indicator (84). 
All the metal perchlorate solutions ex\'.lept cqpper(I!) could b_e. 
analyzed for water dirtctly~ After _Karl.Fischer reagent has undergone 
partial reaction with water, iodide ions are generated which will react 
with copper(II). in the manner shown in the following reaction. 
2Cu++ + 4I- ~ 2Cul-+ 12 
As the .molecular iodine is one,of the components of Karl Fischer 
reagent that r~acts stoichiometrically with water,. it is obviously 
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Figure 4. Molal Concentration vs. Density 
interference by .coppe'l,"(II) can be avoid~d by .preliminary reduction to 
the metal with oven-dried zinc powder, as described by Haynes (59). 
Copper metal is precipitated from solution and the·resultant zinc 
perchlorate·solution can then be drawn off and·analyzed fo,; water. 
Thermometr;i,c Titration Procedure . 
At the start of a thermometric titration, the 2.5 ml microliter 
syringe ~as.filled with titrant, the luer .... lok stopcoc~ was opened, and 
titrant was forc~d througl). the tdlon ne~dle ,until all bubbles were 
expelled. The stopcock was closed to prevent premature mixing of 
titrant and solution before the beginning of .the run. 
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The dewar flask, which had beet?, predried and.stored in.a vacuum 
dessicator between runs, was placed in the water jacket inside the 
calorimeter .housing. Tank nitrogen.predrted by passing the gas through 
a three'"".foot long glass column .filled with Linde 4A molecular sieve, 
was used to flush the calqrimeter. Flushing was carried 01.1t'for 15 to 
20 minutes. The chamber was then sealed to exclude atmospheric water. 
Approximately 35 cc of a perchlorate solution was next weighed on 
a Mettler balance in a 50 cc :SD syringe. This solution was then in-
jected intq the calorimeter and the stit.rer switched on. Thirty 
minutes to one hour was required for the calorimeter and solution to 
reach thermal equilibrium. 
As .the composition of the soluti1;m changes during. the course pf a 
thermometric titration, a series of heat capacity measurements must be 
made at various intervals during the titration. In making a heat 
capacity measurement, the recorde:t was sta;-ted, and a temperature-
time base· line establisheq.. The timer was set. for two minutes and. the 
current switched on. !he corresponding quantity of heat generated 
was about 0.8 c1:1,lories. After two initial heat capacity measuremepts 
at "zero" water concentration, the titrant syringe stopcock was opened 
and th.e titration begun. 
Titrant .was delivered in increments. ranging from 0.005 ml at the 
start of the titration to 0.02 ml near the end. Titrant was added_ 
incrementally until a concentration of about, 1.0 molar was reached, 
varying somewhat depending upon the salt:concentration. A typical 
enthalpogram (c1 .vs. AH) is shown in Figure la, 
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The· number of calories per increment of titrant was dete~ined in. 
the follo\\Ting manner. The time baee lines were extrapolated as s,hown in 
Figure 5. A vertical line was drawn. through point };;., the mid-point of 
the slope. This gave-the length of pen.travel,!.• The distance,!, in 
inches, was then multiplied by the heat capacity (calories/inch) to give 
the number of calories generated, 
The time required for a titrimetr;i.c run varied from four,to twelve 
hours, depending on the amount .of water added. 
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Figure 5. Temperature-Time Base Line 
CHAPTER· IV 
EXPERIMENTAL PROCEDJ]RE :AND· Tl\EATMENT OF DATA .. -
Titration Data 
The heat liberated in the. calor:t.metet ha_d to be f it's.t -.pportioned 
to, the various ·contributing sources (25,26,Sl). for the ·rea9tion of. 
water with the butanol solvated metal ion in dilute solution the meas-. . . \ . ' ' . ' ' . . 
ured heat is· the sum of tw~ contributions.. When the quantity of water· 
added is small, ori.ly the heat ·of aquocomplex formation,, grx• and the heat 
of mixing of wat~r with l-'butanol, 9mb:' contribute .$1gnificantly to· the· 
heat ·me,sured in,the calorimeter. 
(4 .• 1) 
Sinc;:e/gc,i1l is the experimental heat meaE;iured in•the thermometric 
tit'J:'ation of,the metal perchlorate·in l~butan~l with water, ~i~' the 
heat of mixing of water .with 1-but.anol must be determined befoJ:"e Qrx' 
the heat 'of react:Lon ,of the ligand water:with\the metal.salt .can be 
found. 
Harris (57)· had earl:l.er meas\,\red the heat ·o~. mixi-qg of .water. with 
butanol. and report-ed an ave:t;"age .value of· 432 cal. (mole of water) -l (kg 
b 1)-l . Th d i i d d i 11· h utano , e eterm nat on was repeate an essent a- y t e same 
value was obtained. The heat of mixing was found to be a very nearly 
linear function of the.water concentr.ation over the range covered by the 
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thermometric titrations., Figure 6 is a plot of the integral heat of 
mixing vs the number of moles of water per kilogram of 1-butanol,. Ex-
perimental data. for the titration, of water into 1-butanol i$ given in· 
Table VI (Appendix A), The slope of the curve in Figure .6 also gives 
an.average value of the part_:!.al molal enthalpy of· mixing of water in 
-1 . -1 1-butanol of 0.432. kcal (mole. of water) (kg 1-butanol) in the 
range. 0, 0 to 1,,0 molal in water, 
After determining the heat of mixing,. salt solutions ·were titrated 
thermometric.ally to.detet'Illine the heat of reaction per mole. of salt per 
liter, AH, Titrations were carried out at four to five concentrations 
of each metal perclilorate, ranging from 0.01 to 0.10 molar, Replic.ate 
determinations were.made.at each salt·concentration, 
Values of:AR for all the metal perchlorates in 1-butanol.except 
copper (II) could be calc~lated in. a stra.ightforward manner. In the. case .. 
of copper(II) solutions. it was necessary to. extrapolate the first meas-
urel!lents back to zero water concentration since· these solutions .could 
not be prepared·satisfactorily anhydrous. The extrapolation procedure 
is discussed in.the n~xt section, 
Sample Calcula t.ions 
The·following is a sample calculation showing how Aii i$ obtained 
from the experimental data, 
To 27.039 grams of cc;,pper(II) perchlorate in 1-butanol at aconcen-:-
tration of 0.0275 moles/kg of solution is added·0.0100 ml of water,· 
producing a.1,83 inch deflection of the recorder pen. The heat capacity 
of.the system is 0.247 calories/inch over the interval. The number of 
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Figure 6. Heat of Mixing of Water Into 1-Butanol 
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oq • s•C cal p 
• (-1.83 in.)(0.247 cal,/in.) (4 I 2) 
= -0.452 calc 
The correction for the heat of mb:ing of water ,with the solvent 
l.,..butanol is +432 cal (mole water)-! (kg 1-butanol)-l, Since there is 
less than·one mole pf water added, the correction to the experimental 
heat;: must be adjusted accordingly. The number.of moles of water added 
is 
moles water = 0.0100 g,/180016 g./mole • 0.000556 m()les 
o~ix = (0.432 cal/mole)(0.000556 mple) = 0.240 ca:l 
The heat of reai;:.tion of water .with copper(II) perchlorate in the 
interval is then. 
aq = oq - oq rx cal mix (4.:n 
= ..;..0,452 cal - (+o.240 cal) 
• -0.692 cal 
To obtain the heat;: of reaction AH, in. terms of calories per mole of 
salt, one finds·the number of moles of .salt in the given volume of solti-. 
tion. 
moles salt = (moles salt/kg soln)(kg sol.n) 
= (0.0275 moles/kg)(0.027039 kg) 
= 0.000753 moles salt 
Finally, the.heat of reaction is 
oq /moles·salt rx, 
.. ~0.692 cal/0.000753 moles salt 
.. -919 cal/mole salt 
At each addition of titrant 
AH = 
where the,sum is over all the incre~ents of water. 
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(4 .4) 
This is tqe complete calculation for a solution whi~h is.initially 
"dry". Since.the copper(II) solutions contained measurable. water at the 
beginning of the titration, the titration data had to be extrapolated 
back·to "zero water content" to correctly evaluate AH. This was q.one in 
the following manner. A plot of the analytical water concentration vs 
AH, the experimentally measured integral heat of reaction, .was found to 
e 
be,quite linear at low water concentrations, as shown in Figure 7. 
In this figure, point (2) represents the initial concentration of 
water corresponding to Alie = 0, By obtaining the m,up.ber of calories be-: 
tween.points (2) and (3), one can, by simple proportionality, obtain the 
number of calories between points (1) and (2). 
the.heat of reaction can then be added to.t:.H. 
e 
AH = AH + AH rx c e 
The correction, AH, for . c 
Thus,· 
(4. 5) 
Calculation of Average Ligand Number 
and Free Ligand Conc.entration 
Once·the experimental heats·of reaction ,have.been measured, values 







Figure 7. Extrapolation of Heat of Reaction to 
Zero Water Content· 
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may be. detel;"lllined ·by. employing Bj er.rum's method of '"ccrrespe>nd:tng solu~ · 
tions'' . (12) • This was,discussed at length in Chap tel:'. II, Values of the 
analytical ·water cqncentration CL wer.e foµnd for each salt ·concentration 
at equal values of·t.ii from t.ii·vs CL p:J_otso If the solutions are "cor-. 
responding"; straight lines should be obtained for plots.of CL vs CM at 
given values of t.ii. By rearranging the: defining equ.;1,tion for n, one ob-
tains the relation 
c· 
L • nCM + (L) (4 .6) 
This has the f<;>rm of a·straight line equ.;1,tion with slo.pe· of n:·and 
intercept of (L). A least squares calculation was performed td obtain 
ii and (L) at·from 20 to 40 values oft.ii. An illustration of the graphi-. 
cal analysis was given in Figures la and·lb, with calculated values 
listed in Table VIII (Appendix C). 
The n,(L) va.lues obtained from tQe corresponding solutions plots 
were teste.d for fit to the experimental ,data by the following equation 
ERR = (4. 7) 
The value of ERR was ·small for all pair.a of n,(L) values.obtained, 
After values of ii. and (L) have be~n determined, the.formation func-
tion cut"ve may be drawn by plotting n.vs log (L) as shown.in Figure.8. 
A propeftY of the formation functien curv.e is that. it should, in 
principle,. show an inflection and asymptotically approach the maximum 
coordination number·N. 
The experimental n vs log (L) curves obta:j..ned by both Harris.(57) 
and in the ,present work show no. inflection up to the maximum value of n 
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Figure 8. n vs Log (L) 
44 
obtainable from the experimental data. It was therefore' necessa.ry to 
assume a.value for Nin order to proceed with the calculation of the 
stepwise stability constants and other relevant thermodynamic parameters, 
A value of six was assumed for all the metal io.ns studied, Justi.,-
fication for this is the fact that the normal coordination number ob~ 
served for their aquocation~ in aqueous solution and in salt hydrates 
is six (108). 
Calculation of Stability Constants 
The calculation of staQility constants for mononuclear complexes 
from n, (1) data is accomplished by a le·ast-squares iterative method 
(118) based on Bjerrum's equation (116) 
(4.8) 
where e O = 1. 0 0 
By utilizing m sets of n,(L) data and reduction to the N+l normal· 
equations, the ei can.be calculated by·a straightforward least.,-squares 
procedure. 
As all experimental data have·some·in}J.erent, presumably random 
error, it is desirable to calculate the variance associated with each 
experimental measurement and to weight ·the measurement accordingly. It 
is assumed that both n and (L) have associated with them random error 
which can be expressed as. 
a:.. = Pfi 
n 
cr(L) = P(L) 
(4.9) 
(4,,10) 
where,P is an estimate of the upper bound of·the average fractional error 
of the data set. An ~s-sumed value. 01! P "' 0 .1 wae used· :tn all data. 
treatment in this study. Because there are several numerical and 
graphical steps involved·in t1'e calculation of.ii and (L) from the.raw 
data, it is impossible to closely es.timate the erro.r in any given pair 
of ii, (L) values. Since the expe;imental-~ii values ate.reproducible 
within ,1%, an average fx:actional error 'Of 10% should be a ,.reasonable· 
upper· bound ·for the error in a ·given pair of ii~ (L) values. 
The·mathematical model for the.system is Bjerrum's Equation (4.8) 
above. This·ha$ the,gerieral form 
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Y . = f (ii, (L) ) 




Any variance iq. Y-due to random error in.ii and (L) may be calcu-
lated,according to error propagation theory (3l)·by the relation 
= [!!_· ] ..... _2 + [ aY ] 2 an "n a (L) 01 
2 Here cry is evaluated by taking the appropriate deri,va.tives. 
aY 
aii 




su,stituting Equations (4 .14) and. (4 as) int.o Equation (4 .13), the 
working equation for error estimation :i,s obtained 
(4.16) 
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Tne·we:tgn.t.of.each experiinentalmeasureinent is.given by· 
(4.17) 
The weighted least.,.squares method (122) requires that a.set of con ... 
stants '\)e determined which will minimize the following relation 
where, as stated previously, all Y; "" ·. O, . . . J 
Theno:rm«l equations .which result from the minimization of S with 
respect to variation in the I\ are, in .matrix notation (118) 
tw1x1 
0 Ew· x twixi 
N a Ewiyixi 0 • • .e ' i i 0 
t a1 Ewiyixi 
. = (4.19) . 
Ewixi 





.... . i 
where xi =1 (n..., i)(L) , The·Gauss ... J<llrda.n method (91) was employed to 
solve for the (N+ 1) dimensional column of beta values, 
S.ince 'the weight parameter is a function of the unknown Si, an. 
approximate set of.S's was calculated for all Wk,.. 1, and an iterative 
procedure was used to suace!i)sively refine the estimate.of Wand the 
corresponding stability constants. Four iterations were. sufficient to 
yield a consistent solution, 
The· computer program used for the calculation of. stability constants 
from li,(L) data (122) contained an option in which different ·models, 
corresponding to.diff~rent num,1;,e:rs of·complexes formeq. in solution, 
could be tested for fit ta, the.experimental :data. Models corresponding 
TABLE III 
THERMODYNAMIC CONSTANTS AND -STANDARD DEVIATIONS CALCULATED BY LEAST SQUARES ADJUSTMENT-
e and Std~ Dev. - SMtN/DF -·· 'h l1S. (AH - - au- l ) x 100-/Aif-.--. n n exp ca_c - . exp ...... 
Copper 2 
1. (1.2 ± 0.1) x 10 0.014 1.9 ± 0.2 · +3.3 1.57 
2. (3.9. ± 0.9) x 10.3 to 5.4 ± 1.1 -1.8 t<> 
4 ii = :2 .. 9 · AH =·4-.7 kcal. 
3. (5-.-0 ± 5.0) x 10 7.5± 3.4 
4. 
. 6 
(3~4 ± 0.7) x 10 · 
Calcium - l 
l .. (1 .. 7 ± 0,.1) x ·LO 0.09 1.2 ± 0 .. 2 '. +1.5· 1.09 
2 .. (2.1 ± 0.5) x 102 
to 2.4 ± 0.6 +2~4 to· 
3 ii= 2.5 AB;= 3.1 
3. (2.-0 ± 0.8) x 10 o.s ± o.~ 
4 •. (8.0 ± 3.0) x 10 3 
Manganes.e 1 
1. (4.8 ± 0.1) x 10 0.06. 2.3 ± 0.1 -0.1 1.00 
2 to 2.6 ± 0.5 +4.3 to 2. (7.0 ± 1.0) x 10 ii= 3.0 AH= 4.0 
3. (;.o ± 3.o) x 103 7.0. ± 2.0 
4. (5.0 ± 3.0) x 10 4 1..0 ± 3.0 
6. (1.4 ± 0.9) x 10 
6 10. ± 6.0 
Cobalt 1 
1. (5.0 ± -0.2~ x 10 0.26 3.4 ± 0.1 -3.4 0.70 
3 to 3.3 ± 0.1 to 2. (LS ± 0.2) x 10 ii= 4.1 AH.= 4.8 
~ .... 
n. an and Std. Dev. 
Cobalt· 4 
3. (1.2 ± 0_.3) x 10 
4. (1.5 t 0.2) x 10 
7 
Nickel 1 
1-. (6.4 ± 0.1) x 10 
2. (1.4 ± 0.1) x 103 
3. (4.0 ± 0.2) x 10 
4 
4. (2.4 ± 0.1) x 10 
7 
Zinc 1 
L (5.2 ± 0.1) x 10 
2. (7.1 ± 0.4) x 10 
2 
3. (5.7 ± 0.3) x 10 
3 
Strontium 1 
1. (1. 7 ± 0. 2) x 10 
2. (1.2 ::!: 0.3) x 10 
2 
Magnesium 1 
1. (9.4 ± 0.1) x 10 
2. (1.3 ± 0.5) x 10 
3 
TABLE III (Continued) 
SMIN/DF h 
8.4 ± 0.3 
4.9 ± 0.1 
0.013 3.2 ± 0.1 
to 5.l: ± 0.2 ii= 4~0 
4.7 ± 0.1 
6.4 ± 0.2 
0.30 5.0 ± 0.1 
to 3.0 ± 0.1 n = 2.2 
8.3 ± 0.1 
1.83 0.6 ± 0.2 
to-
2.1 ± 0.3 ii = 1.1 
0.083 3.40 ::!: 0.01 
to 










(till - llH l) x 100/llH exp ca c exp 
L23 
to 
llH = 5.1 
0~90 
to 
llH = 4.3 
7.89 
to 







to N • 1 through N •·6 were tested for fit. A model was rejected if any. 
of the constants. were .. negative, or, if ·the standard deviation of -any of 
the coristllmts was. larger than the e+on.stant :l. ts elf. 
The standard devia~ion.of each constant :l.s calculated by.Equation 
(4 ~ 20) 
1 Sm.in 11 
[x-ii .. --] I-1 (4. 20) 
-1 
wh:ere xi1 is the ith d:l.agonal element of the invetse of the ,matrix of 
the coefficients of the normal equaUons. The·qua"Qtity I ... N is·the 
num~et of degre~s qf freedom of the ·system (35), where I cortesponds·to 
the number of pairs of,~,(L) v~lues used in.the calculation and N·is, 
of course, the; numtie~ of stab:1.lity constants •. The qul:\ntity smin is de-
fined by Equation (4.l8). 
The·best val1,1es o;f the sta'bi,lity constap.ts; their.standard devia.., 
tion, and.the associated enthalpies and entrop:l.es,i of react:1..on ,g,re·listed 
in Tabl.e VI. llarris's (57) data on.cobalt(II) and nickel are included 
for comparison. 
None of the sy$tems.f:l.t the model fqi six stability constants. 
This·. is perhaps due I to the fact that the, expei;,imental value of ii does· 
not·becorile much.l,atger than·four·in the r1:1.nge of measurements'fol;' any of 
the systems studied. 
Once.the stepwise stability constants have been calculated, the 
stepwise enthalpies of reaction, hi, ca,n be.evaluated as a.function of 
A-; the Si, and (L). Writing Aii as a·linear,functioll of the h's.one has 
N 




h1 .. "' enthal:,py c~~se associated with the reac:tion ·, 
M + iL + ML1 
I\ (J..)i·· 
a1 • N .· - .. ·. -1 . • . concentr$tion fraction of M complexed as ML1 
~l\ (L)· 
'I'he 1:1.:i.. can'be calc\J,lated.·u1:l,.ng the s~a:linea.r least;-,quares pro-
cedure and weighting pro~edure used. -for the stabil:l,ty c;1onstants, 
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Stepwiae entJ?opies ·ca.-n tJ.OW be·c.alculated·from the following thermo-
h . 
AQ i D 1· Q ~1"1 1111 • ? - &\, n "'1 (4 ~-·22) 
For c:ompati,on, ·· a ~ec~nd ca.lcll~ational metho4 (33) was employed 
for those systems for whic~ the. best fit was obtained with N•2, Two 
1;1ystems, ~~nee:i:u~ an4 stront~um, . satief ied this criterion bes_t ~ 
The method; called Variable Metric; Minimization (VMM) 4oes not 
appear to be capable of .convergence if N is gi:-eater than two. This 




V • voll.!.me 9f 1;1olution 
h1 • enth,l.rpy for the react!ion M +.iL + ML1 
Qrx • heat · of ·. reac. tion ,in · calories 
MJ..1 • molar concentration of ith complex 
In the calculation* initial values·of the ei ate.guessed and then 
used · to calct,ila.te\ the free li,gand, cqncentration at ·each experimental 
valuo of Q based upon Newton's iterative method (86). The stability r:x 
constants and. the free ligand concentration are· next used to calculate 
a0 and th-us obtain.the free metal concentration. With a knowledge of 
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the 6' s; (L) , and .c:i, • tl;le concentration of each complex can then be cal,.-
e · 
culated, 'l'hese quantities are·ueed in turn in Equation (4,23) to calcu-
late the .. hi, The expe;iii;nental Q is finally compared with Q calc1;1-. rx · rx· 
lated from Equation (4~23) using the calculated h1 , · If the comparison 
is not·. sat:isfactory • each stabi,lity cc,nstant is incremented randomly i.n 
t1;1rn and.th, whole process repeated, As this method i~volves semi. .. random 
searching ;for ·minima, the.nuttrber·of minima must necessarily be small if 
the method is to be useful. 
The principal. advantag~ of th.e Variable Metric Minimization method · 
is that :,the stability .constants a.nc;l enthalpies of. reaction are obtained 
simultaneously and directly ftom one S;1et'of experimental.data without 
intermediate·graphical treatment, One disadvantage of this method is 
that it appears . to be .restr;i,cted to systems forming no mol:'e than two 
complexes, Anotheris thijt th~ corresponding solutions check.on the 
validity o;f the assumptions rega;irding the nature of the complexes is 
given.up. 
Values of the st1:1.bility c<;>nst13;ntts and enthal,pies for.magnesi~ and 
strontium calculated by the VMM method are. H,sted in. Ta.bl~ IV. 
Values of a2 obta.in~d by the VMM procedure are an ordet' of magnitude 
smailer .than thpse obtained by the least sq1;1a,res procedure, The VMM 
calculated stab:ll,ity constants appear to be better than the lea~t-.squares 
.TABLE IV 
THERMODYNAMIC CONSTANTS :CALCULATED .. BY, VMM METHOD 
e1 a2 1.Hl tiH2 
Magnesium 1 2 3 7.0 x 10 9.3 x 10 3.6 x 10 5.8 x 10 










calculated constants in that they lead to calculated values of AH whtoh 
a.re more nearly.consiste'llt with the experimental values over the'ent:Lre 
range of data u~ed for the c,lculation .of stabiiity constants, 
Conductivity Studies 
One of the assumptions made by Harris and Moore (58) in applying 
the 1 theory of,corresponding solutiop.s to.the systems ·studied is th.at the 
degree of ion~~ssoeiation does not change significantly over the range 
of ligand concentrations studied. It is further ass~ed that in the 
anhydrous solutions the salts are essentially undissociated, existing 
as associ-.ted io1;11:1 of composition M(ROH)N(Clo4)2~ 
These as$umptions we;r;e tested. by measuring the cond.~ctivity of solu-
tions pf each meta.l perchlorate as a. funcUon .of concep.tration of both 
salt and. watei. 
A Leeds and Northrup precbion Jones.-type conductivity bridge was 
ueed in conjunctioµ .with a c;lilut:l;on cell at a frequ~ncy of 1000 Hz.. '!'he· 
measurements were perfotmed by adding water from a.micrometer syringe 
to 40 gram sampl,es of the sol.utions in.the dilution cell. The·range,of 
wat:er concentrations studied was from zero to ap'f'roximately four .molar, 
The results are plotte4 as equival.ent conductance vs weight percent 
water in Figur,e 9. 
The weight percent of water cqrresponding ~o the maximum value 
used ;I.rt calcula,ting ther:m,qq.ynamic cqnstants is ·indicated by a dashed 
line in each'figur~. 
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Figure 9. Equivalent Conductance of Metal 
Perchlorate·in l--Butano1·so1 ... 




Q) 5 Zn(Clo4)2 CJ ·s:: 
aS 














1 2 3 4 5 
Weight Percent Water 
G) 5 Mn(Cl04)2 0.0181M u 
i 
,I.I 
4 u ::t 
"d s:: 











1 2 3 4 5 
Weight Percent Water 
Figure 9 (Continued) 
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Figure 9 (Continued) 
CHAPTER V 
DIS~USSION OF RESULTS 
Data In_t_erpretation 
The resul,ts :from this study, like those of most investigations of 
reactio~s. in.solution, are not subject to unambiguous interpietation. 
Thus, it ha~ been assu,med throughout that; the measurements have·related 
to displacenumt re,a.ct;l.ons in which onl,.y ligand exch1;1.n,ge of. water .for 
coordinated bu,tanol oc~t;Crs. F~r st,1ch r~actions. the maximum coord:l.nat;l.on 
number for thE;!. fully aquated sal;s would pe expected to be equal to or 
larger than the·. value when butanol :ls the ligand since water is c;1 smaller 
molecule.and should be favored stereochemically. 
In the absence of an e~perimental value, a ma~imum coordination 
number of six. has been aE:'!sumed, based ;ln part upon the fact that this 
value represents _the normal coerdination number for water in the sol,.id 
perchlorate hydrates of each of the salts studied (:1.08). In these the 
water moJ,ec;ules f.orm octahedra.lly disposed clue;ters about'the metal 
ions. Although there seems to be some justification for assuming that 
similar oct;ahedrally aquated complexes would be formed in butanol 
solvent by reaction with water (50), nothing is known about the structu:i;-e 
of the butanol cool;'dinated _molecules before reaction nor abou.t. any of 
the butanol.coordinated molecules before reaction nor about any of the 
intermediate-aquocomple~es. For example, if the salts are initially 
inner sphere perchlorate complexes the reaction will certainly involve 
.,c'fiaplacement of peichlorate as well as butanol. Furt;ber complicat;l,.op;s, 
. ---.. --.,..._ 
arise in the int;erpretation of results due,to the possibility of 
forming.£.!!. and ttans tsomers of ·the complexes as well as other 
geometrically distinguishable.forme; of the intermediates. In addition 
to the nine possible aquocomplexes with water and butanol as the only 
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ligands, there are eleven with one monodentate perchlorate, fourteen with 
two monodentate perchlo.ratei;, six with one bidentate perchlorate, and 
four with two bid·entate perchlorates · (not including optical isomers). 
The con_seguences 'of mixed lig~nd intermediates ,have been considered 
by Harris and Moore ($8) who point out that it is only in the limiting 
case. of·· complete association or complete dissociation that the corres-
poding solutions,treatment can,be applied to extract info~tion about 
the formation constants o~ the squocomplexes. This point was discussed 
in detail in ~hapter II. 
If one assu~es no inner-sphere perchlorate ligands, the effect of 
the existence o:f; isomers .upon.the values of the formation constants al' 
a2 , ••• SN computed froi:p. Bjerrum's format:;i.on function curve is easily 
shown to be S :;: S ' + f3 " + •.. , where S is the vaLue reported in n n n n · 
Table VI, and Sn', Sn'', etc, are the formation constants of the indiv;i.dual 
isomers, 
Simil,arly, the values of the enthalpy of formation calculated and 
reported are re~ated to the enthalpies of formation of the isomers of. 
ML tl~rough the. relation a h = a 'h' + a"h" + . . . . For a completely n · nn nn ·nn 
dissociate4 complex at large dilution one would expect tha; hn = h~ = h~ = 
••• but the a 'sand the S 's would be related to the number of ways in n n 
which a. cis or a trans isomeli of ML can be f cfrmed from ML 1 ~through the n · n... . 
statistical contribution to the .entropy. For a completely associated com-
plex·~ ev~n thoug}:>. outer-sphere perchlorate, the coordination positions in 
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"octahedrll,l" geometry ai:-e·not all equivalent and the M ...L-X (X • 
perchlorate) positions are ene1:getically ·dbtinc;t · from nol;'mal M-L 
positions" 'J;'he · symmetx-y .of the e:)..ectric field at th.e metal is thus 
lowered to tetragonal.or less, 
A question.of fundamental importance is that of the reality of 
cqmple:ication equilibria when the ,complexes detectecj. iri. SC:llution by a 
given methoq. are."weak". Only methods which direct;:ly measure a property 
of a particu.lar complex can be said to establish the exbtence of that• 
compl.ex. Th:us, although th.e molar enthalpy of formation is an intensive 
property of chal;'acteristic magnitude for each complex, it lacks the 
"fingerprint II qual.i ty of a new· Raman line or l,J. V. absorption band, 
However, sine~ the.heat of ·solution of-water in butanol is independent 
of water concentration in the .range studied.: the difference between the 
hea~s of sqlut~on with and without salt present should be.a valid measure 
of the degree.of·complexing by water in the .system, A, necessal;'y condition 
for assuming the.e:dstence of complexes form~d by reaction with watel:' 
is then conformity of the experimental data with the requirement _that. 
the a~alytical cc:n1centratic;m of metal salt CM and water c1 corresponding 
ta the same values of th.e heat'of reaction per mole of salt always be 
( 
linearly related, fl.S expressed by equation (5 .1) 
c1 = n t CM + _ (p (5.i) 
This requirement, which is the ~a.sis .for Bjerrqm' s -Method of -
Corresponding Solutions. (12), is based upon stoichiometric concentrations 
rather than activities .but does presume that the intensive fac;tor13 
(enthalpies ,of formation in this case) do not vary with composition of 
the medium. 
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-n, · log (L) Curvee 
Agreement of .the e,cperi,mental data with the pt'ed;Lctions of equati9n 
(5.1) is very satisfacto:r;y at,all metal.concentrations studied and up to 
water ·concentrations,below about·0.5 molar. ll'or water concent;raUons 
smaller than,.abou~ O .5 molar, plots of the slope of th,e corresponding 
soluti.ons · linee against -the l~arith,m of the int~rcept · (~ vs. log (L)) 
have the shape cq.aractedstic of ."formation curves" in complex equ:f.libria, 
Witl,l furthe.r.increase in water concentrat;:ion above this value, however, 
the curve~ continue,t<? rise an4 ii fail1:1 .to·approach the expectec;l 
l,imiting value corresponding to the.maxi~um ce!!ord:tnation number. Plots 
of ii vs. log (L) are shown. in Figure . 8. 
~-•Jiav;l.or at Hiah_ Water Con.centratio? · 
-The failure.of then vs. log (L) curYes tQ approacb a ~ximum 
value of .. ii .is due to an uq.resolved heat ~ff ect at high (above two 
molar) water concent~ation. 
It was.expec1:ed:that ae the water/salt ratio bec.aiµe·lal;'ge, the 
heat of t"eaction wc.i:u,id become insignificantly snia.11. and the measured 
~eiilt ~ou:J,.d approach th.e endothernp,c ,heat .of mb:ing of water with 1-
butanol. · Thi.a . did not. prove to be the . cai;e, Figur~ 10 show$ the shape 
of a typical,thermometric.titration curve in.which the titration. is 
carried out to high water concentr(l.tion, The unexpected heat eUect 
at high water .. concentriation was exhibited by all of the metal .salts over 
' . . ' ' ·.· . 
the complete.range of ~tal.concentration,s covered in th;is .study.· 
The reaction wit~ water is se~n to·be.initially strongly exothermic 
because of ,the heat of aquocomplex formation, The reaction becc;,m.es· 
predictahly less e~Qthermic in the ra~ge of. one to two 'lne'!ar in wate~, 
CL 




as aquocomplexatiqn appr9aches completion, and then (unexpectedly) 
becomes·increasingly exothermic a1;: watet concentrations greate;- _than 
about two.molar. It would appear .that.another exothermic process 
starts (or bec9JI1es more predom:f.nant) at high water concentrations. This 
would, as mentioned_earlier, account for the observation that then vs. 
log (L) curves do not asrmptotically approach a maximum value, corres-
ponding to a maximum coordination number. 
Althoug the c1 ,cM data show excellent linearity up to free water 
concentrat:i,ons of about _0.2 m~les/lite.r (varying somewhat, from metal 
to metal), only da1;:a for concentrat;i,ons less .than this value (again, the 
maximum value depending upon, the metal) were used for the evaluation of 
the stability cQnstantf;!, In th,is way any contributions frQm the proc;ess . 
responsible for the diver$ence of the.titration curves at h:i,gh water 
concen_tration would .be minimiied. Experimental data, and calculated tiH 
values.for theTmometric titrations to high water content are listed in 
Ta~le IX (Appendix D). 
Preferential -Solvation 
A possible,explanation of the.exothermic heat effect ,at high water 
concentration .is that it represents ·the heat of preferential reordering 
of the solvent envelope about· the metal ion.· As ,water is apparently 
preferred as a ligand over 1-butanol, there should be a gradual re-
placement of 1-putanol by water in the outer -solvatioI1, spheres of the 
metal ion as water ,is adqed to the.solution. 
The preferential salvation shown by ele~trolytes in mixed solvents ' . . 
is a direct con~equence of the specific interaction between an ion and 
one of the components of the mil'.ed solvent. Preferential solvation re-
fers to the chatlge in. the ·.composit~on Qf the mixed solvent _i,.n the 




n1/n2 ~ mole ratio of the_two solvent components in the 
vicinity ~f the ion. 
o,. 0 
n1 n2 ""mole ra~io in.the bulk solvent mixture. 
Th~· exponent ry is called the "index of preferential solvati.on". It. 
is obvious that for :Y>O, the ion is sele~tively so.lvated by compone11t 1: 
for y<O,: the ion :ls sel~ctivel;Y solvatE1d by cemponent 2: and for y = O 
there is .no prefetent;ial sc,lvation •. 
Based upon a t;hermodynalllic treatm~nt of a mi~ed fl.:uid ·. in an. 
electrostatic· fiel;d, Paciova (102) d,el;'ived the following thermodynalllic 
expx-ession for.the case of organic solvent1;1 containing a large pe;rcentage 
of wate,;. 
where .. 
ti.il1 "' partial molal' free ~ne~gy o~ the .ion in component i of 
the.mixt~re at infinite dilution,· 
(5. 3) 
lt .foll.c;,wsr .that t;h.e pref ere-nt;ial solvat::(..on depends only upen the 
difference between.the partial,. molar free ep,ergy of the electrolyte in 
eE!,ch compon.~nt of the solvent mixture. 
If wa t_er ;ls taken as componel\ t one . and 1-butanol as comp on en t two• 
y .will be positive fo-r metal ions. pre~ere'Q.tial,.ly se>lvated by water. 
Using d,ta_gathered from the literature, Fad~va,(102) calculated 
y fot som 1:1 salti; i"A., the mixed solvent sy~tem water:·1-,.but,no;L. Values. 
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ranged froµi 1.1 for lithium bronu.de to S.63 for rubidium chloride. 
Insufficient data exists. to <;:alcul.ate y for the systems included in. 
this study, but it would be expected from the magnitucle of the stability 
constants ;hat: y would be large and positive in all cases. 
As mentio-q.ed earlier, only data chosen from the.lower end of. 
titratio-q. curves were µsed in the .calculation of stability constants. 
Unfortunately, this.restricted the range of .values of n which could be 
used in.evaluating the stability constan,ti;s and consequently limited the 
pumber of stability censtants that could be reliably calculated. 
Truncation Errors 
Calc;.ulation of fewer stability constants thatl the (assumed) maximum 
coordination number.dictates is equivale1.1t·to trunca,tion of somf!,,of the 
latter terms .c,f the linear homogeneou~ equation constituting the. Bjerrum 
formation function 
(5.4) 
If J st·ability constants are calcualted, where J .::., N, the truncation 
error will be given by R, as definecl by equation (5.5) 
N i J . 
R = E (n - i)l3i(L), - E (n - i)Bi(L)i 
l 1 
N 
= E (n - i)S 1 (L)i (5.5) 
J+l 
Obviously, one wi~hes to mi;nimize R. It is evident·upon inspection 
of equation (5,5) that R will be small for small .values of· (L). The 
maacimum value of (L) cannot be restricted too severely, hqwever, as this 
also restricts the value of ii, which, as pointed out above, limits the 
number of st~bility cqnstants that can be reliably calculited. 
It is ust;1ally assum~d, based upon chemical .experience, that 
successive or stepwise formation constants, kn' become smaller as n 
increases (12). 
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Subject; tc;, thh restriction, thel;'e will always be a r1111nge of values 
of (L) where truncatien of higher Cl>rder terms in, (L) is justified. If, 
in .such a caf:le, retention of only j terms is necessary, then tqe "true" 
form~Jion curve ·over this range can be written as 
j j n ~ EnS~(L)n/(l+ESn(L)n) 
1 1 
(5.6) 
and· a fit of a B,:Jerrum fua.cti9n containing j parameters to good experi-
mental data by .. least squ~;res adjt.1stmeJJt ought to e;,pt;l.mize these para-
meters, i.e., if the 8 's are the "true" .· n * par~meters and the Sn's are 
* those found by l~ast sqµares adju.Sitment, S 1 should correspond closely to 
* 131' S 2 .to 8 2 , etc. l'his is illustrat;ec;l :ln figure 11. 
In the. case whe1;e th~ function b~ing fit to the data has more 
parameters than are·nec~ssary (8:, n2:J), the higher order terms s:(L)n 
* should lll8ke minor cc;mtribut:.ions, and.· the S · 's where n~, should still 
n 
be valicl.. The range E>f validity might thus be defined by the condition . 
* . that the contributi,on of the terms in Sj+l satisifes the rela;ion 
* j+l - j+l' 
[ (j+l.)Sj+l(L) · ]/[n(l+E · 8 (L) n) J ,;: f (5. 7) 
. 1 n 
where f is an arbitrary number of the order of 5% or less. This foll,ews 
frc;,m the .definition of ii :in equation (2.14). 
As mentioned previot,1sly, no "fingerprint type" method is applicable 
to detet'llline the.number or type of aquocomplexes in solution for a 
given analytical Hngand cqncentra tion, c1 • Therefore, due, to a lack of 
sufficient inforll)ation, the compl.exes were assumed tc, be mononuclear 
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Figure 11. Range of "fit" of the Calculated Stability Constants 
to the Experimental Data 
for a lack of a better c:riterio~. the number of complel!; spec:J.es 1;:o be· 
considered in the calculations w~s takeI?, to be ':qual to that:number of 
an values which gave the best .fit to the experimental data, i.e., gave 
the lowest value of Sm:i..n as c!.efined.by equation (4.18). 
As was desoribed_in Chapter IV, ccmductivity measure1J1.ents. were. 
made. on all metal perchlorate· solutions in 1-butanol in o:rder to. test. 
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cert~in of the basic· as.11n.11:ni,t:f,o"Q.s ·mad~; in ,applying the theo-ry. of 
corresponding s0lutions :to the treatme~t of ·the exper:t.ment data. · These 
assumptipns,were; 
1. In the ,am.l\ydrou11 sol\l.tbns; t'f:\.e -salts a;e · essenUally undis-
Ei!Gc:tated, e:KisUng as ion-agg1:egates of the t.}'P~ }f(ROll)N(Cl04) 2 • 
2. The degre~ of ien-associatiop. does not change significantly. 
over-the water.concentration range stu<;tied, 
• . , I 
3. '.l;'he sul?s t:I, t.ution pf water {or ·coordinated 1 .... buta,p.oL is the 
reaction occurring exelus~vely upon the ,addition of water. 
Support for assumpticm . (1) was gained by th~ observation that the 
equ;Lval,ent conduet~nees of the anJ;tydrous solutions were.in all cases 
' 2 -1 quite small,. being of the oi;der of 1 ... 2 mho cm, equiv. over the ml;!tal 
con~ent'l;'..ation range O. 02 te O .10 mqlar. These . values are. very similar 
to those found by Harris and Moore· (58) fc;,r cobalt(.II) and nickel per"':' 
chlorates. ·:i,n · l':'"but~u:iol, . 
Suppoft for assu:mption (2) was ga~ned -by the observation that the 
eqµivalent conc;h,1ctances of al; the metE;Lls show 1:i.tt1e change (less than 
2 -1 one mho cm, equ~v. in most cases) over the range of water·. concentration 
con~ider~d in the,eva~4atiqn of the formation cQnstants. Conductivity 
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studies by Cheung (24) and Rands (112) indicate that transition metal 
perchlorates in 1-,butanol remain largely associated eve.n at much higher 
water.concentrations (-SO mole percent) than those that were covered 
in the present study. The conductivity-concentration curves at.fixed 
water concentration resemble those of weak electrolytes in water. . . . 
Literature data (7) further show that the dielectric constant of 
butanol-rich wa,ter:butanol mixtures changes.very little over the 
entire miscible range. Brown (19) has estimated the dielect'X'ic constant 
of the water:butanol mtxtures, varying from zero to 0.25 mole fraction 
in water, to be approximately 18 over this range with an estimated error 
of estimate of no more than five percent. Graphical extrapolation of the 
0 
data of Akerlof (1) (Fi,gure 14) on the dielect.ric. constants of aqueous 
mixtures o:f; methyl, ethyl, and n-:-proply alcohols, gives a value of -18 for 
a 90%/10% w/w mb:tul!e of 1 ... butanol and water at 20°c. This wou_J.d account 
in part for :"1:-l\~-iai.lure of the equivalent conductance. to increase very 
rapidly with water con~entration in.this range of water mole.fractions. 
Assumption (3) is supported by,spec~ral s~udies. The IR spectrum of 
the perchlorate. ion in anhydrous, solution indicates T 4d symmetry.. Lower 
symmetry such as .. c2v or c3v would be expected if the perchlorate anions 
were bonc;led as bidentate or monocJ.enta.te ligands, respectively, A stucl.y 
of concentraied (O ,SM} soluti.ons failed to. show any splitting of the 
strong perchlorate Qand at 1100 cm'"'1 (121). However, the limiting 
solubility in anhydrous ·ll""butanol for most ,of the salts studied is about. 
0.5 molar and if the,;e were inner sphere coordination by perchlorate it 
might not be detectable.at the salt concentrations available for study, 
It is of SOJ!le interest to compare the equivalent conductances of 
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al'llI!lonium perchlorate (TNBAP) in l~butanol (99). TNBAP would be expected 
to be more highly ionized in-1-butanol than divalent metal perchlorates 
because of the lower charge density of the large monovalent cation and 
thus, perhaps, be representative of the state of .the divalent metal 
perchlorates in more dilute solution. Figure l~ shows plQts of 
equivalent conductance vs. weight percent water for two concentrations 
of TNBAP in, the range of metal con~entrat::Lons · coveted in this study. ·· It . 
may be noted that the eR,:;t>.ivalent cond\,lctance for both concentrations is pi . . . 
'.":>' ... 
initially sm.all and dees not change great~y in the range of zero to one . 
percent water~ ~his would indicate that the degree of ionization for 
this salt changes relatively little throughout the range of added 
w~ter covered by.the measurements. 
An important consideration in conductance measurements in solutio~ 
is the specific conduct.ance of the solvent medium. A plot of specific 
conductance vs. weight percent water is shown.in Figure .14. The 
conductance of the solvent b f ounc;l, to be, at most; ·about one ·to two . 
-percent of that of the solutions. After correction for s0lvent 
conductance, the equ~valent cqnductance of the- salt solutions is in 
all .case!;! only about two percent .of the l;i.miting conductance. estimate<;! 
from Walden's viscosity rule. 
Results of conductivity and spectral studies thus lead to the 
cenclusion that in anhydrous butanol solutions·the metal ion coordination 
sites are initially occupied by butanol molecules with the perchlorate 
aniens associated.in at least·the second coordinatfon sphere. Further-
more; the observatien that the conductivity changes only by a small 
5.0 
4.0 
0 l 2 3 4 5 
Weight Percent Water 
Figure 13. · Equiv~lent Conductance of !NBAP in 1-
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amount upon the addition of small quantities of water;(less that:t three-
tenths percent) further indicates that the .. bulk of the per~hlorate ions 
remain associated .with the metal· ion throughout the substitution process. 
St_abilitv Constants 
'l'he · stab:Uity: constants found are in agreement with the .. "stability 
order" proposed by Irving and Williams (64), who. pointed out that the 
complex forming tendencies of the first-row transition metal ions often 
follow the sequence Mn(II) <Co(Il)<Ni< (Cu(II)> Z.n. 'l'he sequence has been 
found .to ho],.d especially well for oxyget:t and nitrogen.donor ligands (64). 
This order, first noted by Mellon and Maley in 1947 (93), was rationalized 
by Irving and Williams through correlation of the magnitude of a given 
stability constant with t~e second ionizat:i.cm potential of the ion in 
question. In complex formation, electrons lost in.the ionization process 
are effectively regained from the ligands. The ionization potentials 
can, therefore, be regarded as an apprqximate measure of the electron 
affinity .of the metal ion, and a correlation can be expected between 
the stability constant of the comple~ and the ionization potential of 
the metal. Although this comparison is not always satisf act;ory, owing 
in·part to ligand-field effects on the electronic configuration as the 
atomic number of the metal increases, fairly good linear relationships 
have been.found (6,22,30,89). 
Log S vs. second ionization potential plots. for the first, second, 
n 
and third stability .constants of calcium, manganese(II), nickel, cobalt 
(II), copper(II); and.zinc are shown.in Figure 15. An approximately 
linear relationsihp is observed for all the metals except zinc. The 
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oft:en.the order Zn~i<Cu(II) holds (82). 
Another empirical relation which has been found to hold in the 
case.of many·simple complexes of the alkaline earth metals with charged 
ligands is that between.the iqnic radius (1/ri) of the cation and log Sn 
(82), The degree of conformity of the empirical data to this type of 
relation is shown in Figu"J:"e 16, where.values ·of log Sn for·n • 1 and n"" 
2 are plotted against the recipr0cal 0f the ionic radius fo:r magnesium, 
zinc, manganese(!!), calcium and strontium. The ions o~ these metals 
have ;empty, half-filled, or filled cl-orbitals, and would be expected not 
to .show ligand field effects (101).. It is seen that J,og Si c0rrelates . 
well with l/ri' Also shown in the figure are the values for copper(II), 
cobalt(II), and nickel. It is obvi0u~ 'that, with exception of copper. 
(II), the values for the latter ions lie equally close to the line in 
the figur~. For charged ligands Irving and Wil~iams (63) early proposed 
that a dependence upon 1/ri' the ·Pauling radius (107); would be,a 
measure of the electrostatic contribution to the enthalpy and entropy. 
However, in this case where the b0nding would seem to be best considered 
electrostatic, but correspo"QdiriJ to that betwe~n anion and a dipole, 
a linear dependence upon the first power. of the ionic radius .cap.not be 
ea$ily rationalized. This is bec1;tuse the leading term in the ion-dipole 
interaction has an inverse .·square dependence upon. ri (53). Further 
discussion of correlations with io-o. size will be made. ;Later, however, 
and the apparent dependence upon ri may be in part due to scatter in 
the data as well as to the relative magnitudes of the radii involved, 
Comparis0n With .gther Aq;1,1ocomolex Studies 















F~gure 16. Dependence of Formation 
Constant Upon Inverse 
Icmic Radius 
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for aquocomplexes found in this study with those obtained in similar 
studies by other workers (see Table I). 
Reference has already been made to the work of Harris and Moore 
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(58) on aquocomplexes of cobalt(!!) and nickel perchlorates in 1-butanol. 
As .mentioned earlier, their data combined with the data obtained in the 
present study are in satisfactory agreement with the "stability order" 
of Irving and Williams (64). 
The early work of Bjerrum and Jorgensen (13) on copper(!!), cobalt 
(II), and nickel nitrates in ethanol indicates that these metal ions form 
weaker aquocomplexes in ethanol than in 1-butanol. It has been shown by 
Padova (102) that when the activity of water is very nearly given by 
its mole fraction in the mixed solvent, the preferential salvation of 
an ion depends only on the difference between the partial molar free 
energy of salvation of the electrolyte in each component of the mixture 
(see equation 5.3). To a first and very crude approximation, salvation 
should involve an ion-dipole interaction as the leading term. The dipole 
moments of 1-,-butanol and ethaI).ol are very close (1. 70 debye for ethanol 
and 1.68 debye for 1-butanol), but there may be some steric hindrance in 
the case of l,butanol, and this would explain the relatively greater 
stal;>ility of aqu·o~omplexef:l in butanol compared to those in ethanol. 
Perhaps more singificant is the state of the _solute. In the 
measurements of Jorgensen.and Bjerrum (13), the salts were at concen-
trations ranging from less than 0~01 M to over 0.10 M. In this range of 
concentratiol'l;s the degree of ionization is likely to be.variable and 
certainly not 100 percent as was assumed by Jorgensen and Bjerrum. 
Furthermore, as Katzin and Gerbert (74) pointed out, the possii>ility 
of nitrate complexes is not excluded. 
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Stability constants obtained for the formation of the aquocomplexes 
of copper(II) perchlorate in nitromethane by Larson and Iwamoto (80) 
by polarographic measurements are even larger.than those obtained in 
this study. rhese workers report a considerably larger value for k1 , 
but their ·values of k2 and k3 are of the same order of magnitude as 
those found in the present study, Meaningful interpretive comparisons 
of stability constant_s evaluated in solvents as structural,ly different 
as ·1-butanol and nitromethane are difficult. The relative values of the 
dielectric constants and dipole moments.for the two solvents are in 
the wrong order to accou~t for the observed difference in magnitude 
of the formation constants in the solvents (e = 47, u = 3.40 debye, for 
ni tromethane) • Larson and Iwamoto (80) offer the explanation that 
aquocomplexation constants in nitromethane should be.larger than in 
alcohol (ethanol) because nitromethane and water are "less. compatible" 
as a mixed-solvent pair (lower. mutual solu'bility) than the pair, ethanol 
and water, 'l'he cation should, therefore, solvate water to a greater 
degree at a given water concentration in nitromethane than in ethanol, 
owing to the smaller solvation energy of the cation by nitromethane. 
The,smaller solvation energy of copper(!!) in nitromethane was evidenced 
also in the work of Larson and Iwamoto (80) by the. more positive half-
wave potential of copper(!!) ion. 
Nelson and Iwamoto, (lOOY further tested the "solvent compatil;,ility" 
line of reasoning of Larson and Iwamoto (80) by polarographically measur-
ing the constants for aquocomplex formation by copper (II) in acetone. 
It was reasoned that ethanol and nitromethane represented opposite 
extremes of behavior toward water, and that acetone; being intermediate 
between.these two,in its behavior toward water, wou:td, therefore~ be a 
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good solvent for a test of the "solyent .. compatibility" concept, The, 
formation constants for aquocomple~es evaluated in acetone were, as. 
predicted, intermediate in magnitude between those evaluated in nitro-
methane and ethanol. Using the stability constants,of the aquocomplexes 
as a criterion, 1-butanol would seem to lie between nitrometha.ne and 
acetone with respect to "solvent compatibility" with water. 
Friedman and Plane_ (44) applied infrared spectroscopy to find 
constants for the replacement of two water molecules from the first 
salvation shell of copper(II) in water by ethanol.and by acetone, This 
study differs from the other aquocomplex studies discussed above in that 
the salt was initially dissolved in water rather than in the organic 
solvent of interest._ A follow up investigation was made by Pasternack 
' 
and Plane (106) on cobalt(II) and nickel perchlorates employing the same 
organic solvents and also using infrared spectroscopy. The re!;lults 
showed that for the three metal ions, copper(II), cobal~(II)., and nickel, 
the organic solvents were preferred over water at the sixth coordination 
site, i. e, , k6 is less than unity in all. three cases. This result appears 
reasonable when compared with those of the present study.where the value 
of k is observed to decrease fairly rapidly with increasing n. A, 
n 
completely valid comparison of t~e values of k5 and k6 for.1-butanol 
solv.ent with the valµes reported in ethanol ,and acetone is. impossible, 
since the same criticism can be made of these. data as was made of the · 
measurements of Bjerrum and Jorgensen (13) in ethanol; na~ely, the. 
state of the solute is not characterized adequately. 
Luz and Meiboom (87) have employed NMR spectroscopy to study cobalt 
(II) perchlorate in methanol-water mixtures at. very_ low (-80°C ,) 
temperatures. Their value of k1 , list~d in Table I, is quite close to 
so 
the value obtained for cobalt(II) perchlorate in 1-butanol by Harris 
and Moore (58). Although aquocomplexation constants for a given 
metal ion would be expected to be larger in 1-butanol than in methanol 
0 at a given temperature, it is not impossible for k1 in methanol at -80 C. 
to .be the same as k 1 in 1-butanol at 25°c. by coincidence. From the 
thermodynamic dependence of k 1 on temperature as expressed by the ,van't 
Hoff isochore, 
2 
d ln k 1/ dT = ~Hi/RT · (5. 8) 
-1 and a value of ~H1 of -3 kcal mole, , the val,ue of k1 in 1-butanol would 
0 0 be.an order of magnitude or more larger at -80 C. than at.25 c. 
Irt conclusion, it should be empha$ized again that comparison of 
stability cqnstants evaluate<;l by di:f;ferent methods is frequently no.t 
very satisfactoi;y. This is due, in part, to the inherent differences in .. 
what is actually measured by.different experimental techniques (55) as 
well as differences in experimental.conditions. For example, reported 
12 values ,of 13 4 for th.e tetracyanonickelate(II) complex vary from .10 to 
30 10 (37,43,60,81,87,90,113) depending on the method of measurement 
and the experimental conditions. In the.present case, the heat generated 
when two reagents are mixed is a very general, i.e., nonspec~fic.quantity. 
It is only whe~ ~me ,is able to make reasonable allowances for the thermal 
effe.cts .of all possible interactions other than that of· the reaction in 
question, and also when such ''background'' interactions are. relatively 
smaller than that of the specific reaction being investigated; that the 
calorimetric titration method can be employed successfully (26,29,Sl)o 
Enthalpies of.Formation 
The succes~ive or stepwise enthalpies of replacement of butanol 
by water would be expected to be small and nearly equal in magnitude 
(82). This is beca~se of the simiiarity in.the structural features 
s1, 
of the two ligands. For both, the metal.-1::f.$and bond presumably involves 
interaction of the metal ion with the. hydroxyl group of the ligand 
dipole. The bonding is; therefore, best cori.sidered as electrostatic. 
In the absenc~ of complicating factors, such as stericaliy hindered 
substituti.on or chaQ.ge in the .nature of .. the bbndi:r;ig, the stepwise 
ligational enthalpies for neutral ligands have been found to be constant 
for-a given ligand and metal in aqueous solution (52). For example, 
the caloririletrically detel;'lllined va:(.ues ·.for the reacti1;m of ammonia and 
amines with aque9us transition metl;ll io-qs su~h as ,copper(II) and nickel 
are relatively censtant and of the or.der of four to five kilocalo'de~~-
per attached donor atom (49,110,128)0 
With the exception of the study of the.substitution of water for 
1-butanol in butanol solutions'of cobalt;:(II) and nic~el perchlorates by 
Harris and Moore (58), tqere.seems to be no enthalpy data for the forma-
tion of aquocemplexes in ncmaqueous .solvents. These authors point out 
that if the succes~ive enthalpies are equal (hn = nh1), the overall 
heat of reaction per mole, ~ii, would be given by · 
Mi = nh1 • (5 .9) 
where h1 is the ent~alpy of formation of the first aquocemplex. As.-
signment of enthalpies of formE).tiori. for. each complex involves soluti.on 
of sets of equations' cependent upon the calculated values ,of the s,tability 
constants, as well as the experimental ~ii values. A qu,ant~ ty which is 
independent of the calculation of the stability constants; but which 
is usefu.l in compa'dsons .of binding energieE;I for :different metals with 
the ·same ligand i1(h, the ."apparent;: avei-age binding energy". This 
quant~ty is defined by equation (5.10) 
AH/n = ii (5.10) 
which reduces to equa;ion (5 .9~- when, the stepwise enthalpies of formation 
are equal. Furthermore., since 
N 





for sufficiently small free ligand con~entrations, it follows that 
(5 .11) 
(5 .12) 
A:ii = a1 h1 and ii = · a1 • Then, also AH =. ii · 11,1 • Th~ initial slope of the · 
(Aii,ti) curve thus gives a measure of h1 for the reacti.cm, and since this· 
is not dependen~ upon .cai~ulated values of· the fermaticm constant~~ it 
serves :as . a check upon calculations •. 
Table. V ~hows. a 'rcompari,.son, of '.·the .values of h1 obtained by extra-
polation of ·(AH,ii) plots with the calculat;:ed values obtained frem 
formation constan~s and,enthalpy .titration data. The agreement is .quite 
sati.sfactory (less than ten percent difference in. mast-, casef$) especially 
when it is reca.lled that there is .an estimated errer of ten percent .. in 
the ii, (L) data. 
It;: ·is ~of ··significance · to compare the appare~t average ·binding ener.gy 
per.ligand for each of the metal ions studied.: Values were obtained 
from plots of AH vs. n ·similar to those,in Figure 17. The value at any 
poin; is h, the apparent average binding energy per.ligand at that ligand 
number. The· sequence of values ebtained for h1 (Mg:::tzn:::co:::Ni>Mn>Cu>Ca>Sr) 
also helds for h at. n = 1, with the exceptien of Mn and-Gu, for which tlie 
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TABLE V ... 
COMPARISON OF GRAPHICAL AND LEAST SQUARES 
CALCULATED VALUES OF THE ENTHALPY OF 
FORMATION OF THE, FIRST AQUOCOMPLEX 
84 
Calculated Graphic.al Percen~·Difference 
3.1 3.1 o.o 
3.3 2.9 12 
L9 1.9 o.o 
2.3 2.3 o.o 
1.2 1.2 o.o 
3.4 3.4 o.o 
0.6 0.8 25 
3.1 2.7 13 
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order is reversed. Thus, the transition series (inclu4ing zinc) sequence 
shows no clearly recognizable ligand field effects.and appears to be 
determined largely by size factors. This is strikingly shown in the 
alkaline earth sequence, Mg>Ca>Sr. 
It has been pointed out by .Duncan (36) that be~ause of the restricted. 
range in values of ion radii, functions of these which appear in 
electrostatic calculations of energy are themselves often approximate 
linear functions of the reciprocal cation radius. Thus, although one, 
would like to be able to attribute,the variation in binding energy to 
some particular factor whose dependence upon cation radius was uniquely 
1/r., any observed dependence is more likely the composite of other 
]. 
factors. 
Figure 19 shows the variation of the enthalpy of formation of the 
first aquocomplex with the .reciprocal of the cation radius. The 
lineartty is excellent, but pe~haps to some degree, fortuitous •. The 
position of copper (II) is anomalous and merits further coml'!lent.. In 
Figure 18 the enthalpy of formation of the first complex, h1 , is plotted 
against the free energy of formation of the same complex. Although there 
appears to be a good general correlation of stability with enthalpy of 
formation, the st~bility of the copper(II) complex is seen to be greater 
than would be predicted by its heat of formationo That the free energy 
may not be "normal" either, however, is indicated by the fact that 
although copper(II) fits well into the correlation with second ioniza-
tion potential (Figure 15), a plot of g1 against 1/ri (Figure 20) shows 
copper(II) to be well off the correlation line for the other metalsa 
Ths anomaly associated with the thermodynamic functions for the 














Figure 18. Cerrelation of Aquocomplex Stability 










Figure 19. Dependence of Enthalpy 
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Figure 20. Dependence of Free Eµergy of Formation of 
First Aquocomplex Upon Reciprocal Ionic 
Results 
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the well established strong tetragonal perturbation of six-coordinated 
copper(II), the Jahn-Tel;ler effect·(lOl). If the perGhlorate ions 
89 · 
are trans and thus provide an axial fielq, the substitution of a.smaller 
water dipole for the bulky butanol in an axial position should stabilize 
the complex, i.e., -g1 should be larger as a. consequence. 
Entropies of Formation 
Entropies of aquocomplex formation are obtained from enthalpies and 
free energies and hence are subject.to the cumulative errors in the 
formation constants and enthalpies. The relatively large uncertainties 
in both of these .quantities makes the entropy values of doubtful 
significance. 
Complex formation by uncharged unidentate. ligands will no_t be 
accompanied by a reduction in the_ number of particles or charge. · As .a 
consequence, the entropy c4ange upon complex formation should be small 
and approximate:Ly 1 the s.ame for all of the.metals except in those.cases 
where the structural order-of the solvent about the complex is altered 
(125). 
As .Figure 21 shows, there is implied an approximately line.ar re-
lationship between the entropy and enthalpy such that the enthalpy 
seque~ce determines the free energy sequence (47,66). Copper(II), as 
mentioned earlier, fails to conform to this relation. 
Water-Butanol Interactions 
Thermodynat¢.c excess functions for the.1-bu~anol:water system have 
been calculated ·from the experimental enthall;)Y data and the data by 
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Although the data. pr~sented gra~hically in Figure 22 ar~ for. 
(5.14) 
(5 .15). 
alcohol ... rich mb;tures only; the . curves are sqnewha t similar to 
corresponding curves,for t 7butyl alcohol at high moJ.e fractions (42). 
Sinc.e the mixing of 1 ... butanol and water at high mole fractions of.water 
is exothermic (129.) , there ie again· some similarity to the case of t;-butyl 
alcohol, for which the mix;i,p.g is also e,c.0thermic in the sat11e region.of 
mole·fractions. 
The type of beha.vio,; shown ;l,n Figure 22 is similar to that found for 
the methanol;carbon.tetr~chloride system where, as vointed out by Ives 
(42), the endothermic mixing and negativ~ excess entropy are to be. 
associated with changes in t4e degree of polyme,;ization of methanol with 
changing mole fraction. 
Starting with pµre l·buta.nolt addition of water .dissociates (or 
depolymerizes) both ,water and~ perhaps, the .. alcohol endothermically. 
Water.,.water hyqrogen,bonds and but;anol-but;anol hydrogen bonds are 
broken and new one~ are foi;,ned between water ·and the .alcohol. The re-
sulting net decrease in entropy is then a~cribed tq the lloccul.sion of 
the molecul,.es of the dil1.J,ent in a network of polyI11er chains" (42). 
SumlIIS.ry 
Anhydroqs ,butaQ.ol solut:i,ons, of six first-rqw trn.asition and alkaline 































1.0 0.9 0.8 0.7 
Mole Fraction 1-butanol 
Figure 22. Thermodynamic Excess Func-




calcium, and $tront:ium) have been tit.rated thermometr:1,.cally with water. 
Fo~ation cG>nstant1;1 we:re.ev,;1luated from the calorimetric data for the 
stepwise formation of the metal. aquocomplexe1;1~ The aquocomplexes appear 
to form,in·a sit~pwise. m,;1nner and the formation constants conform to the 
"natural order" of Irving and W~lliams' (63). 
Th.e logadthm1:1 of the first at;1d second stability con1;1tants correlate 
well wit:h the reeiprocal.cationicradius, This (linear) correlation, 
however, cannot be.rationalized in terms of a simple ion-dipole·type 
interaction. 
' . 
A linear relationship is also fe;,u.nd between the enthalpy of formation 
of the first· aquac~mplex and the recip:1;ocal of the ca·tiol)ic radius. A 
plot C:>f the .. epthalpy of fonnati.on of the firsit aquqcomplex vs. the free 
energy of format:i.on C:>f the.fitst aqu~complex is, tberefore, expectedly 
linear,. In eacb case, copper(II) lies noticably off the correlatioi:i 
"line". The anomaly associated w:Lth:the thel;'m<;>dynamic functions for the 
formation of the first: lilquoco~plex of copper(II) may,be a consequence 
of· the well.-establ.i.shed strong tetragonal perturbation of six-. 
cocn::dinated copper(U), the Jahn-Teller effect (lOJ,). 
The appro:2dmately linear relat:i.ons;hip between . the entropy and 
enthalpy of formation of the first aquocomplex implies that the ent:ha'.l.py 
sequence deter~ines the free energy sequenee.(47,66). Copper(II), as 
mentioned ea:dier, · f a:i,ls tq q,on:form. to this relat:Lanship. 
The ca1orimet+ic data, waliJ ana'.l.yzec;l, uS!ing Bjerrum's theory of 
Corresponding .Soluti<;>ns 0,2). The· data for . magnesium and . strontium were 
als.o analyzed -by the Variaple Metric .Minimization (VMM) method (33). VMM 
appears t~ be the ~ore des::l.raQle m~thod in te:r:ms of satisfactorily fitting 
the experiment~! data to. the ass.urned model but, unfortunately, appears to 
be limited in its application to systems that can be represented by no 
more than two complexes. 
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Unfortunately, the e;xperi:mental data did not yield a value for the 
maxi'qmm coord::i,nation number of any of the metal ,ions studied. The upper, 
end of the . formation curves were complicated by an .unresolved exothermic 
process, appareµtly predominant only at high water concentrations. 
It is speculated that the e;xothermic·heat effect at high water con..-
centration is attributable to a preferential reqrdering of the solvent 
envelope about the metal ion. As the water concentration becomes large, 
it can compete successfully with 1-butanol for.sites in the outer 
coordination spheres of the metal ion. Because water is a stronger 
ligand than 1-butanql, the sol vent envelope reordering process would 
very likely be exothermic. 
Condu9tivity studies indicatl:;!d that the solutions of metal per":" 
chlorates remained v:f,.rtually undbsoc;i.ated over the range.of water 
concentrations stud;i.ed. Thi,.·s was a necessary condition for applying 
the "corresponding solutions" method of analy'sis to the experimental 
enthalpy titration data. 
Infrared spectra indicated T4d symmetry for the perchlorate ion in 
the solut;:ions. This would indicate that the perchlorate is either weakly 
bound in the first co~rdination sphere .of·. the metal ion, or is in an 
outer coordination.sphere. The 'spectrum of the perchlorate ion did not. 
change upon the addition of water through the range of water ·concen-
trations covered. 
Stepwise e~thalpies of aquocomplex formation were also calculated 
from the AH c1,1rves and.the previously cal9ulated stability .constants. 
CalcU;h.ted values of .the enthalpy of formation of. the· first aquocomplex 
95 
(h1) agreed closely with value,s obt·ained by e~trapel,tion of tiii vs. n 
curves ton= O (see Table IX). This lends a greater degree of confidence 
to the stability consta:p.ts calculated from data (n,.(L)) obtained from 
corresponding solution plots of the enthalpy titration data. 
Little signif:f,.cance is attached to the calculated stepwise entropies 
of aquocomple~ format;i.on as they are subject to the cumulative errors in 
the formation constants and enthalpies. 
Suggestions for Further Work 
A possible extention of the presen1;: work would be a calorimetric 
investigation of poseible complexes fot'med between transition metal 
perchlerates in.anhydrous 1-but~nal and other low molec\llar weight 
primary alcohals ,such as methanol and ethanol. Also, a calprimetric 
investigatfon of aquocomplex formatiQtl. by .transition metal perchlorates 
in other primaty al<;ioheb such, as ethyl, propyl, ~myl, etc. would be 
of interest •. 
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APPENDIX A 
TABLE VI 
HE.AT OF MlXING OF WAT.l!;R :J:NTO 1-BU'X,ANOL. 
26.908 grams of 1-butanQl 
ml H20 s, it).. Aiimix ml H20 s:, in. AH i ml a2o s, .in. AH ,. lll x mix. 
""" 
0.020. 2.82 447 0.840 2.57 455 1.650 1.82 409 
0.040 2.70 438 0.860 2.53 454 1.670 1. 7~ 408 
0.060 2.78 439 0.880 2,49 443 1.690 1. 77 407 
0.080 2.82 · 442 0.900 2 .49 · 443 1. 710 1. 73 405 
0.100 2.73 441 0.920 2.~2 443 1.730 1.72 404 
0.120 2.82 442 0.940 2,35 442 1.750 1.67 403 
0.140 2.81 .. 443 0.960 2.45. 442 1. 770 1.69 402 
0.160 2.88 446 0.980 2. 38. 441 1.790 1.66 401 
0.180 2.94 448 1.000 2.42 440 1.810 1.64 400 
0.200 2,86 450 1.020 2.32 439 1.830 1.60 399 
0.220 2 .89. · 451 1.040 2.36 439 1.850 1:58 397 
0.240 2.84 452 1.060 2.35 438 1.870 1.55 396 
0.260 2,89 453 1,080 2. 32 437 1,890 1.57 395 
0,280 2.93 454 1.100 2.28 437 1.910 1.53 394 
0.300 2 .• 82 .. 454 l. •. ;po 2.20 435 1.930 1.54 393 
0.32.0-· 2~94 456 1,140 2.23 435 1.950 1.520 391 
Q ••. 340 2.84 456 1.160 2,23 434 1.970 1.49 390 
0.160 2.83 456 1.180 2.17 433 1.990 1.52 389 
0.380 2.90 · 457 1.200 2.17 432 2.010 1.48 388 
~4E>Gr 2.90 · 458 1,220 2.19. · 431 2,030 1,48. 387 
0.429 2.87 458 1,.240 2.18 430 2.050. 1.43 385 
0.440 3.00 460 1,260 2,14 429 2,070 1.42 384 
0.460 2.92 461 1,280 2.16 428 2.090 1.43 383 
0.480 2.82 461 1,300 2.09, 427 2.110 1.38 382 
0.50Q 2.87 461 1.320 2.09 426 2.130 1,36 381 
0.520 2.78 461 1,340 2.02 425 2.150 1.33 379 
,.p ,<540 2. 78 ·, 461 1,360 2.oi 424 2.170 1,26 378 
o. 56.0 2.79 462 1.380 2.03 423 2.190 1.32 377 
o.58© · 2.78 461 1.400 1.9$ 422 2.210 1.28 376 
0.600 2. 71 461 1.420 2.02 · 421 2.230 1.28 374 
0.620 2. 72 460 1.440 1.9.3 420 2.2~b 1.28 373 
0-.64@ 2.72 460 1.460 1.93 419 2.270 1.24 372 
0.66() 2.66 459 1.480 1.97 418 2.290 1.20 371 
0.6·20 2.66 459 ],.500· 1.90 417 2~310 1.20 369 
0.700 2.72 459 1.520 1.82 416 2.330 1.16 368 
o. 720 2~62 458 1.540 1.82 416 2.350 1.22 367 
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TABLE Vl (C:ontin\led) 
ml H20 s, :t.n. AH i mx ml H20 s~ i'Jl.. tdimix ml a2o s; in. AH i mx 
,. 
0.740 2.62 458 1.560 1.85 414. 2.370 1,13 365 
0,760 2.56 457 1,580 1.89 413 2.390 1.14 364 
0.780 2~61 457 1.600 1. 73 411 2.410 1.17. 363 
0.800 2 .• 58 456 1.610 · 1.06 411 2.430 1.13 362 
0.820 2.57 · 455 1.630 1. 76 410 2.4~9 - 0.56 361 
APPENDIX B 
TABLE VII -
E;XPERIMENTAL. DATA ~D .CALC'[JLAT}):D HEATS 
OF REAG';rION 
27.039 grams of 28.094 grams of 27.896 grams of 
0.022 M Cu(Cl04) 2 0.0361 M Cu(Cl04)2 0.0598.M Cu(C104) 4 
. . ..... . . . .. 
ml H20 s, in. AH ml H20 s, in. AH ml, H20 i;;, in. AH 
0.0100 +0.83 -1084 0.0110 +1.18 . - 841 0.0187 +3.02 - 896 
0.0140 +0.73 ,-1458 0.0160 +1.2z -1091 0.0280 +2.40 -1300 
0.0180 +0.79 -1852 0.0210 +1.07 -1410 0,0380 +2.48 -1724 
0.0230 +o. 10 -2249 0 •. 0260 +1.03 -1720 0.0480 +2.35 -2129 
0.0280 +0.59 ... -2608 0.0310 +0,97 -2018 0.0580 +2.07 -2501 
0.0330 +0.54 -2951 0.0360 +0.87 -2296 0.0680 +1.82 -2842 
0.0430 +o. 78 · ... 3537 0.0460 +1.53 -2807 0.0780 +1.58 -3155 
0.0530 +0.54 -4034 0.0560 +1.24 -3258 0,0880 +l.47 -3453 
0.0630 +0.32 -4474 0.0660 +1.04 -3768 0.0980 +1.27 -3728 
0.0730 +0.12 -4838 0.0760 +0.82 -4031 0.1080 +l.13 -3985 
0.0830 +0.02 -5169. Q.0860 +0.64 -4357 0.1180 +0.88 -4211 
0.0960 +o.~ -4650 0.1~80 +o. 77 -4424 
0.1060 +0.35 -4915 0.13.80 +0.63 -4619 
27.335 grams of 0.1160 +0.22 -5154 0.1480 +0.54 -4804 
0.0222 M Cu(Cl04) 2 0.1580 +0.40 -4971 
ml H20 s, in. AH 
0.1680 +0.31 -5127 
27.369 grams of 
0.0100 +1.06 -1121 0.0407 M Cu(C104) 2 28.078 grams of 0.0150 +0.93 -1581 in. AH 0.0200 +0.82 -2007 ml H20 s, 0.0598 M Cu(Cl04) 2 
0.0250 +o. 71 -2397 0.0160 +3.22 - 896 ml H20 s, in. AH. 0.0300 +0.63 .-2762 
0.03.50 +0.53 -3095 0.0260 +3.02 -1465 
0.0450 +0.78 -3670 0 .-0360 +2.57 -1972· 0.0180 +2.89 - 870 
0.0550 +0.53 -4164 Q.0460 +2.24 -2434 0.0280 +2.57 -1320 
0.0650 +0,32 -4589 ·. 0.0660 +3.48 -3219 0.0380 +2.33 -1739 0.0860 +2.47 -3866 0.0480 +2.18 -2138 0.0750 +o.14 ... 4995 0.1060 +0.97 -4304 0.0580 +1.93 -2505 0.·0850 +0.03 -5285 0.1260 +0.41 -4666 0.0680 +1.57 -2826 
0.1460 +o.oo -5070 0.0780 +1.52 -3140 
0.0880 +1.30 -3426 
0.0980 +1.16 -3693 
0.1080 +1.04 -3946 
0.1180 +0.83 -4171 
,oi:; 
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TABLE VII (Continued) 
·' 
28.467 grSJ;D.s of 27.431 grams of 28.078 grams·of 
0.0361 M Cu(Cl04) 2 0~0407 M Cu(C104) 2 o.0598 M cu(t1o4) 2 
1111 H20 s, in. llii · ml H20 s, in. llii ml :a2o s, in. llH 
0.0120 +L16 ... 732. 0.0160 +3.08 - 8.71 · 0.1280 +o. 72 · -4381 
, 0 .0170 +1.17 -1166 ().0260 +2.80' -1404 0~1380. +0.58 -4574 
0.922.0 +1.11 -1489. 0.0360 +2.53 -1901 0 .14$0. +0.49 -4754 
0.0270 +1.03 -179,5 - 0.0460 +2 .31. -2368 0 .1580 +0.3? -4920 
0.0320 +0.93· -2080 · 0.0660 +3.70 -3177. 0.1680 +0.28 -5073 
o.·0310 +L50 · -2352. 0.0860 +2.54 .,.3829·· 
0.0470 +1.50 -2749 0.1060 +1.76 -4374 
0.0570 +1.26 -J?9a, 0.1260 +1.08 -4826 
0.0670 +1.02 · -3698 O .146,0 +0 .• 60 -5212 
0 .0770 +0.81 -4054 
010870 +0.62 -4372 
0.0970 +0.43 -4650 
0.1070 +0.33 -4908 
0.1170 +0.20 -5193 
28.406 grams,af 29.146 gt'ams of 28.295 grams·of 
0.0824·M Cu(Cl04) 2 0~0283 M·Ca(Cl04) 2 .0.0754 M Ca(Cl04) 2 
ml HiO s, in .• ~ii m+ H20 s, in. 6~ ml H2o s, in •. AH 
0.0190 +3 .. 19, - 703 0.0100 -0.01 - 223 0.0100 +0.56 - 146 
0.0290 +2.93 '."'1052 0.0200 -0.07 - 449 0.0200 +0.54 - 290 
0.0390 +2,84 -1408 0,0300 -0 .12 . - 654 0.0300 +0,48 - 429 
0.0490 +2. 79. · -J}31 0.0400 ..,o. J,8 - 844 0.0400 +0.44 · - 563 
0.0590 +2.'48 -2044 0.0500 -0.21 -1026 .0.0500 +o.39 - 693 
0.0690 +2.16 -2340 0.0600 -0.23 -1201 0.0600 +0.34 - 818 
0.0790 +2.14 -2?15 0.0700 -0.29 -1364 0.0700 +0.30 - 939 
0.0890 +1.i9 -2818 0.0800 -0,30 -1523 0.0800 +0.27 -1058 
0.0990 +l.83 -3135 0 .09,00 -0.32 -1677 0.0900 +0.25 -1174 
0.1090 +i.70 -3376 0.1000 -0.37 . -1818 0.1000 +0.21 -1287 
0.1290 +2.83 -3799 0.110 -0.39 -1954 0.110 +0.17 -1395 
0.1490 +2.47· -4182 0 .1200 · -0.42 -2082' 0.1200 +0.15 -1502 
0.1690 +1.87 -4522 0.1300 -0.44 -2206 0.1400 +0.21 -1706 
0.1890 +1.49. · -4824 0.1400 -0.43 -2~31 0.1600 +0.13 -1903 
0.2090 +1.13 · -5092. 0.1500 -0,42 -2459 0.1800 +0.03 -2090 
0.1600 -0.48 -2572. 0.2000 -0.07 -2267 
0.2200 -0.14 -2438 
0.2400 -0.21 -2601· 
28.223 grams 'of .. 
0.0824 M Cti(C104) 2 
_ml H2o s, in. AH ·. 
0.0190 +3.43 - 635, 
0.0290 +2~93 - 992 
0.0400 +2.91 -1331. 
0.0500 +2.63 -1667 
0.0600 +2.52 -1974 
0.0700 +4.33 -2253 
0.0800 +2.11 -2530 
0.0900 +1.99 -2794 
0.1000 +1.87 -3043 
0.1~00 +1.68 -3281 
0.1300 +2.82 -3705 
0.1500 +2.35 -4098 
0.1700 +1.86 -4436 
0.1900 +1.45 -4739 
0.21-00 +1.08 -5010 
', 
27.434 grams·of 
0.0216 M Ca(c104)2 
~1 H20 s~ in~ ~ii 
0.0200 -0.57 - 513. 
0 :0400 •, 7Qt87 ..; 954.', 
0 •. 0600 -1 ~ oa ·. ".".1338 , 
0.0800, -1;18 -1699, 
0.100 ~1.33 -2022 
0.1200 -1.49. -2304 
0.1400 -1.52 .' -2579 
28.407 grams of 
0.0216 M Ca(C104) 2 
m~ H20 s, in. AH 
0.0200 -0 .. 60 - 500 
0.0400 '"'.'0.86 - 941 
0.0600 '""1.11 -1325 
0.080.Q -1.27 -1673 
0.100 -1.39 -1992 
0.1200 -1.48 -2290 
0.1400 -1.58 -2564. 
TA~LE VII (Continued) 
28.924 grams of 
0.0283 M Ca(Cl04) 2 
ml H20 s~ in. Aii 
0.0100 -0.02· - 231 
0 .0200 · -0.08 - 448 
0.0300 "."'0 .12 - 65,4 
0.0400 -0.17 - 848 
0.0500 -0 .22 · -1028 
0.0600 ;"0.24 -1204 
0.0700 -0.28 -1369 
0.0800 -0.30 · -1529 
0.0900 -0.32 · -1684 
0.1000 -0.37 -1825 
0.1100 -0.40 -1959 
0.1200 -0.39 -2096 
0.1300 -0.41 -2227 
0,1400 -0.42 -2355 
0.1500, -0.47 ':"'2470 
0.1600 -0.48 -2583 
29.565. grams of 
0~0407 M·Ca(C104) 2 
' -
ml H20 s, in. AH 
0.0200 +0.48 - 385 
0.0400 +0.19 - 734 
0.0600 -0.02 · -1055 
0.0800 -0.23 -1349 
0.1000 -0.41 -1619 
0.1.200 -0.54. -1873 
0.1400 -0.70 -2105 
0~1600 -0.78 -2327 
0.1800 -0.92 -2530 
26.228 gt"ams of 
0.0268 M Mn(Cl04) 2 
ml H20 s, in •. AH 
0.0050 +0.96 - 373 
0.0100 +0.73 - 690 · 
0.0200 +1.34 -1295 
0.0300 +0.83 -1776 
0 .0400 · +o.53 -2183 
0 .0600 · +o.38 -2830 
0.0800 -0.23 -3328 
0.100 -0.64 -3724 
0.1200 -0.94 -4047 
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28.359 gtams of 
0~0754 M Ca(Cl04) 2 
ml.BzO s, in. AH 
0.0100 +0.52 - 142 
. 0.0200 +0.52 - 285 
0.0300 +0.48 - 425 
0.0400 +0.42 .- 558 
0.0500 +0.38 - 687 
0.0600 +0.37 - 816 
0.0700 +0.31 - 938 
0.0800 +0.27 -1057 
0.0900 +0.23 -1126 
0.1000 +0.20 -1237 
0.1100 +0.18 -1347 
0.1200 +0.16 -1455 
0.1400 +0.19 -1657 
0.1600 +0.12 -.1853 
0.1800 +0.03 -2039 
0.2000 -0.07 -22),.~ 
0.2200 -0.15 -2384 
0.2400 -0.21 -2547 
27.884 grams·of. 
0.0405 M Mn(Cl04) 2 
ml.H20 s, in. AH · 
0.0050 +l.23 ...;. 281 
0.0100 +1.18 - 553 
0.0200 +2.00 .-1043 
0.0300 +1.67 -1482 
0.0400 +1.29 -1860 
0.0600 +1.92 -2511 
0.0800 +1.05 -3024 
0.1000 +0.46 -3442 
0.1200 +0.02 -3791 
0.1400 -0.27 -4093 
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TABLE VII (Continued) 
27.628 grams of 26. 618 grams, of 27.229 grams of 
0.0181 M MnXCl04) 2 0.0268 M Mn(Cl04) 2 0.0639 M Mn(Cl04) 2 
ml H20 s, in. 6H ml H20 s, in. 6H ml H20 s; in. 6H · 
0.0050 +0.73 - 451 0.0050 +o.86 - 342 0.0050 +1.82 - 240 
0.0100 +0.56 . .. 842 0.0100 +o. 78 · - 666 O.OlQO +L56 .- 453 
0.0200· +o.58 -1435 0.0200 +1.23 -1235 0.0200 +2.26 - 794 
0.0300 +0.33 -1939 0.0300 +o.89 -1722 0.0300 +2.23 .. 1132 
0.0400 +0.12 -2369 0.0400 +0.57 ,-2132. 0.0400 +2.28 -1475 
0.0600 -0.26 -3045 0.0600 +0.47 -2792 0.0600 +3.34 ..,.2038 
0.0800 -0.78 ;-3542- 0.0800 -0.13 -3306 0.0800 +2.38 -2505 
0 •. 100 -1.08 -3931 0.1000 -0 ~58 . -3712 0.1000 +1.82 · -2915 
0.1200 -1.32 -4235 0.1200 -0 .94 · -4030 0.1200 +1.14 -3256 
0.1400 -1.46 -4487 0 .1400 · +0.64 -3546 
0.1600 -1.59 -4692 0.1600· +o.25 ".!"'3797 
0 .18.00 -1.68 -4864 0.1800 -0.10 -4013 
0.200 -1.73 -5016 
28.131 g:i:ams of 27.510 grams of 26.800 grams of 
0.0181 M Mn(~l04) 2 0.0405 M Mn(Cl04) 2 0.0639 M Mn(Cl04) 2 
ml H20 s, in •. 6H ml H20 s, in. 6H m1H20 s, in. 6H 
0.0050 +0.66 - 416 0.0050 +1.53 - 325 0.0050 +1.82 - 237 
0.0100 +0.47 - 768 0.0100 +1.08 - 581 0.0100 +1.48 - 441 
0.0200 +0.64 -1368 0.0200 +1.91 -1053 0.0200 +2.66 - 819 
0.0300 +0.35 -1869 0.0300 +1.54 ,-1469 0.0300 +2.41 -1173 
0.0400 +0.12 -2289 0.0400 +1.32 -1851 .. 0.0400 +2.05 -1491 
0.0600 -0.28 -2953, 0.0600 +1.82 -2486 0.0600 +3.47 -2066 
0.0800 -0.77 -3446 0.0800 +0.98 -2990 0.0800 +2.43 -2537 
0.1000 -1.03 -3849 ·, 0.1000 +0.41 -3404 0.1000 +L.66 -2933 
0.1~00 -1.26 -4170 0.1200 -0.07 -3743 0.1200 +l.07 -3269 
0 .14.00 -0.46 -4020 0.1400 +0.58 -3556 
0.1600 +o .19 · -3804 
0.1800 -0.16 -4017 
29.817 grams :of· 27.446 grams of 26.954 grams of 
0.0864 M Mn(Cl04) 2 0.0141 M Zn(c104)2 0.0321 M Zn(Cl04) 2 . 
ml H20 s., in. 6H ml H2 0 s ; in. 6H · ml H20 s, in~ .. 6H 
0.0050 +1.52 - 151 0.0050 +2.42 - 6633 0.0050 +1.98 .- 485 
0.0100 +1.42 - 295 0.0100 +1;85 -1229 . 0.0100 +l.63 - 905 
0.0200 +2.83 - 581 0.0150 +1.22 -1687 0.0150 +1.47 · -1297 
0.0300 +2.78 "."' 864 0.0200 +0.53 -2027 0.0200; +1.22 -1642 
0.0400 +2.40 -1119 0.0250 +0.34 -2335 0.0250 +1.05 -1995 
0.0600 +4.12 · -1578 0.0300 +0.21 -2620 0.0300 +0.87 -2234 
0.0800 +2.73 -1934 0.0350 +o .08 . -2884 0~0350 +o. 78 . -2497 
0.1000 +2.97. -2308 0,0400 -0 .10 · -3116 0.0400 +0.65 -2735 
0.1200 · +2.42 · ..-2641 0.0450 -0.27 .-3319 0.0450 +0.51 -2946' 
0.1400 +1.83 -2931 0.0500 -0.34 -3511 0.0500 +0.42 -3140 
0.1600 +1.39 -3188 0.0550 -0.54 -3668 0.0550 +0.34 .-3319 
0.1800 +0.96 -3413 0.0600 -0.62 -3811 0.0600 +0.23 -3477 
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29.817 grams of 27.446 grams of 26,954 grl3llls of 
0.0864 M Mn(C104) 2 0.0141 M Zn(Cl04) 2 0.0321 M Zn(Cl04) 2 
ml H20 s, in. Aff ml 1!20 s, in; Aff ml H20 s, in. AH 
0.2000 +0.64 ,-3614 0.0650 -0,72 ,..3937, o.o65P +0.17 -3623 
0.2200 +0.37. -3795' 0.0700 -0. 70 · -4067 0 .0700 +0.13 -4006 
0.2400 +0.12 -3957 0.0750 -0.82 -4176 
0,2600 -0.12 -4101 0.0800 -0.86 -4278 
0.0900 -1.69 -4487 
29,735 grams of 28.400 grams of 27 .855 grams of . 
0.0864 M Mn(Cl04) 2 0.0141 M Zn(Cl04) 2 0.0321 M Zn(Cl04) 2 
ml H20 s, in. Aff ml H2o s, in. AH ml H20 s, in, AH 
0.0050 +1,.50 - 149 0.0500 +2.07 - 589 0.0500 +1.97 - 477 
0.0100 +J,..43 - 297 0.0100 +1.73 .... 1120 0, 010,0 +1;63 - 890 
0.0200 +2.80 · - 583 0.0150 +1.22 -1567 0.0150 +1.42 -1266 
0.0300 +2.75 - 866 0.0200· +o.68 -1922 0.0200 +l.20 -1600 
0.0400 +2.43 -1115 - 0,0250 +0.50 -2247 0.0250 +1.03 -1902 
0.0600 · +4.10 -1569 0.0300 +0.32. -2542 0.0300 +0.88 -2176 
0.0800 +2. 76 -1940 0.0350 +0.05 -2792 0.0350 +0.81 -2437 
0.1000 +2 .• 57 -2313 0.0400 -0.14 .... 3010 0.0400 +o .58 -2655 
0.1200 +2 .• 40 -2642 0.0450 -0.30 -3200 0.0450 +0.55 -2867 
0.1400 +1.86 ... 2935 0,0500 -0.36 -3381 0.0500 +0.43 -3057 
0.1600 +1.37 -3179 0,05,50 -0.43 -3550 0.0550 +0.38 -3238 
0.1800 +1.00 -3410 0.0600 -0.55 -3698 0.0600 +0,22 -3388 
0.2000 +0,67 -3611 0.0650 -0.57 -3843 0.0650 +0.19 -3533 
0.2200 +0.~5 -3790 0.0700 -0.73 -3961 0.0700 +0,16 -3672 
0.2400 +0.15 -3%5 0.0750 -0.78 -4070 · 0.0800 +0.16 -3921 
0.2690 -0.10 -4+00 0.0800 -0.76 -4183 0.0900 +o.oo -4139 
0.0900 -1.83 -4355 
27.953 gt;ams,of 28.888 grams of 27.933 grams of 
0.0535 M Zn(C!04) 2 0.0858 M Zn(Cl04) 2 0.0250 M Sr(C104) 2 
ml H2o s., in, AH ml H2o s, in. b,H ml H20 st in. AH 
0.0050 +2.13 - 308 0.0500 +3.00 - 255 0.0076 -0.40 - 108 
0.0100 +2.02 - 604 0.0100 +2 .• 62 -426 0.0176 ... o.53 - 249 
0.0150 +1.89 ... 885 0.0150 +2,22 - 682 0.0276 -0.56 - 382 
0.0200 +1. 77 -1152 0.0200 +2 .• 13 - 875 0.0376 -0.58 - 509 
0;0250 +1.65 -1406 0.0250 +2.02 -1060 0.0576 -1.16 - 765 
0.0300 +1.57 -1650 0.0300 +1.99 .-1243 0.0776 -1.27 - 991 
0.0350 +1.44 -1880 0.0350 +1.71 -1406 0,0976 -1.29 -1211 
0.0400 +1.28 -2092 0.0400 +1.86 -1579 
0.0450 +1.21 -2295 0.0450 +1.78 -1747 
0.0500 +1.08 -248.4 0.0500 +l .62 . -1904 
0.0550 +0.95 -2659. 0.0550 +1.56 -2056 
0.0600 +0.83 -2$19 0.0600 +1.58 -2209 
0.0650 +o·. 77 ... 2973 0.0700 +2.80 -2491 
0.0700 +o .• 7':J.. -3119 0.0800 +.2 .35 -2741 
27.953 grams of 
0.0535 M Zn(C104) 2 
ml H2o s, in. AH 
0.0750 +0.63 -3257 
0.0800 +0.52 ~3382 
0.0900 +0.83 -3609 
0.1000 +0.67 -3816 
0.1100 +0.47 -4002 
0.1300 +0.50 -4321 
2~.610 grams of. 
0.0535 M Zn(Cl04) 2 
ml H20 s, in, AH 
0.0050 +2.36 - 333 
0.0100 +2.08 - 635 
0.0150 +2.10 - 940 
0.0200 +1,96 -1228 
0.0250 +li60 -1476 
0.0300 +1;53 -1717 
0.0350 +1.47 -1951 
0.0400 +1.38 -2174. 
0.0450 +1.15 · -2372 
0.0500 +1.14 -2568 
0.0550 +0.94 · -2742 
0.0600 +l,00 -2923-
0 .0650 +o. 82 ·. -3083 
0.0700 +0.73 -3233 
0.0800 +1.14 -3497 
0.0900 +0.93 -3737 
0.1000 +0.72 -3952 
0.1100 +0.57 -4151 
0.1200 +0,37 -4327 
27 .141 grams ;of·. 
0.0581 M Sr(Cl04) 2 
.ml H20 s; in. Ali·. 
0.0050 -0.04 - 58 
0.0100 -0.06 - 114 
0,02QO -0.12 - 226 
0.0300 -0.16 - 334 
0.0400 -0.19 - 439 
0.0600 -0.45 - 641 
0,0800 -0.56 - 832 
0.1000 -0.63 -10l5 
TABLE VU (Continued) 
28. 888. grams •· of 
O.OS58 M Zn(C104}2 
ml H20 s, in. AH 
0.0900 +2.09 -2971 
0.1000 +1.97 -3193 
0.1100 +1.73 -3398 
0.1200 +1.44 -3582 
0.1300 +1.18 -3748 
0.1400 +1.04 -3903 
0.1600 +1.64 -4181 
28.734 grams of 
0.0858 M Zn(Cl04) 2 
ml H2o s, in. AH 
0,0050 +2.62 - 224 
0.0100 +2.26 - 423 
0.0150 +2.22. - 619 
0.0200 +2.25 - 818 
0.0250 +2.18 · -1011. 
0,0300 +2.08 -1198 
0.0350 +2.08 -1385 
0.0400 +1.85 -1555 
0.0450 +1.70 -1715 
0.0500 +1;55 -1865 
0.0550 +1.48 -2010. 
0~0600 +1.,43 -2151 
0,0700 +2.80 -2429 
0.0800 +2.61 -2695 
0.0900 +2.33 -2940 
0.1000 +1.82 -3150 
0.1100 +1.58 -3342 
0.1200 +1.47 -3527 
0.1300 +1.27. -3698 
0.1500 +1.60 -3973 
0.1700 +1.27 -4224 
26.926 grams of 
0.0121 M Mg(Gl04) 2 
ml H20 s, in, AH 
0.0050 +1.78 -1273 
0.0100 +0.73 -1971 
0.0200 +0.63 -2911 
0.0300 -0.10 -3450 
0.0400 -0.22 · -3922 
0.0600 -0.93 -4596 
2?,275 grams of 
0.0275.M Sr(C104) 2 
ml H20 s, in. AH 
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0.0050 -0.28 - 73 
6.0100 -0.31 - 138 
0.0200 -0.58 · - 279 
0.0300 -0.56 - 424 
Oi0400 -0.64 - 549 
0.0500 -0.65 - 672 
0.0700 -1.31 - 914 
0.0900 -1.35 -1145 
26.911 grams of 
0.0361 M.Sr(Cl04) 2 
ml H2o s, in. AH 
0.0050 -0.17 - 70 
0.0100 -0.21 - 133 
0.0200 -0.41 - 261 
0.0300 -0.42 - 387 
0.0400 -0.45 - 507 
o.@600 -0.96 - 737 
0,0800 -1.06 -- 949 
0.1000 -1.10 -1154 
27.118 grams of 
0.0361 M-Sr(Cl04) 2 
~1 H20 s~ in. AH· 
0.0050 -0.18 - 68 
0.0100 -0.18 - 135 
0.0200 -0.38 - 267 
0.0300 -0.39 - 397 
0.0500 -0.88 - 640 
0.0700 -0.97 - 866 
0.0900 -1.07 -1074 
27.192 grams of 
0.0375 M Mg(Cl04) 2 
ml H20 s, in. AH 
0.0050 +3.81 - 748 
0.0100 +2;04 -1193 
0.0200 +3.92 -2057 
0.0300 +3.03 .-2769 
0.0400 +2.19 -3337 
0.0600 +3.04 -4244 
27.156 grams of 
0.0581 M Sr(C:104) 2 









-0.02 - 60 
-0.06 ,... 116 
-0.12 - 227 
-0.17 - 334 
-0.18 ... 439 
-0.-42 ..., 643 
-0.55 - 832 
-0.63 -1013-
26.963 grams of 
0.0763 M Sr(Cl04) 2 
ml H2o s_, in. 6H 
0.0050 +0.06 - 52 
0.0100 +0.02 - 102 
0,0200 +0.02 - 200 
0.0300 -0.04 - igi, 
0.0400 -0.03 - 38~ 
0.0600 -0.11 - 586 
0.0800 -0.29 · - 736 
0.1000 -0.36 - 897 
0.1200 -0.47 -1050 
28 .1z6 grams of -
0.0763 M Sr(Cl04) 2 
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25.932 grams of· 
0.0121 M Mg(Cl04) 2 







+l. 50 · -114 7 
+o. n. -1859 
+o. 1a ,.,.2913 
+0.14 -3608. 
.... 0.22 -4100 
-1.02 -4758 
26.S:P grams of 
0.0274 M Mg(Cl04)2 
ml H20 s, in. AH. 
0. 0500 +2. 2_3 .,. 653 
0.0100 +1.94 - -1240 
0.0200 +3,04 -2218 
0.0300 +2.16 -2990 
0.0400 +1.48 -3604 
0.0600 +l.4Z. -4471 
27.055 grams of 
0.027'4 M Mg(Cl04) 2 
ml H20 s~ in._ AH 
0.0050- +2.43 - 697 
0.0100 +2~02 -1299 
0,0200 +3,03 -2268 
0.0300 +2.06 -3012 
0.0400 +1.42 -3607 
0.0600 +1.36 -4449 
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26.532 grams of 
0.0495 M Mg(Cl04) 2 
ml H20 s, in. AH 
0.0050 +3.08 - 485 
0.0100 +2.53 - 897 
0.0200. +4.44. -1640 
0.0300 +3.79 -2297 
... 0,0400 .. +3.06 -2856 
0.-0600 +4,54 -3764 
0.0800 +2.66 -4420 
27.157 grams of 
0.0495 M Mg(C104) 2 
ml H20 s,· in, SH. 
0.0050 +3.34 - 511 
0.0100 +2.32 - 888 
0.0200 +4.57 -1632 
0.0300 +3.83 -2279 
0.0400 +3,22 -2847 
0.0600 +4.63 -3745 
0.0800 +2.82 -4406 
26.665 grams of 
0.0629 M Mg(Cl04) 2 
ml H20 s, in. AH 
0.0050 +3.34 - 389 
0.0100 +3.82 - 825 
0.0150 +2.96 -1177 
0.0200 +2.37 -1470 
0.0300 +5.07 -2090 
0.0400 +3. 92 · -2596 
0.0500 +3.55 . -3065 
0.,0700 +5.50 .-3847 
0.0900 +3.66 -4446 
27,5],5 grams 9f 
0.0629 M Mg(Cl04) 2 
ml H2o s, in. AR 
0.0050 +3.97 - 462 
0.0100 +2.90 · - 815 
0,0150 +2.63 -1140 
o.oio.o +2,18 -1420 
0.0300 +4.41 -1984 
0.0400 +3.96 -2504 
o.esoo +3.52 ~2978 
0.0700 +5.23 -3743 
0.0900 +3.43 -4323 
27,226 grams of 
0.0375 M ~(Cl04) 2 
ml H20 s, in •. AH 
0.0050 +3.89 - 750 
0.0100 +2.10 -1197 
0.0200 +4.00 -2066 
0.0300 +2.95 -2761 
0.0400 +2.10 · -3330 
0.0600 +3.10 -4251 
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APPENDIX C 
TABLE VIII 
AVER4GE LIGAND NUMBER AND FREE 
LIGAND CONCENTR.AnoN 
Cu(c104) 2 in 1-butanol Ca(c104) 2 :l,n l-buta1tol · Mn(C104) 2 in 1-butanol 
Aii, - CI-12~102 Aii - ('J:.,) !Kl02 AH .,.. (L):icl02 n n n-.. ' .;, 
100 0.06 a .o4 lQO 0,08 o.42 100 0.04 0.11 
200 0,11. 0.09 200 o.i6 0.89 200 0.09 . 0.20 
300 0.15 O.J,5 300 0.24 l .38 300 Q.14 0.30 
400 0.20 0.20 400 0,33 1.81 400 0.19 0.41 
500 0,25 0.26 500 Q.44 2,25 500 0,24 0.50 
600 0.30 0.29 600 0.,55 2.67 600 0.28 0.64 
700 0,35 0.35 600 0.67 3.09. 700 0.3l 0. 76 
800 0,41 0,38 800 0,80 3.48 800 0,38 0.91 
900 0,45 0,45 · 9.00 0.89 4.06 900 0.43 1,05 
1000 Q.51 a.so 1000 1.00 4. ,59 · 1000 0.48 1.2l 
1100 0.55 0.56 1100 1. :1.2 · 5.13 1100 0.54· 1.36 
1200 0,60 0,63 1200 1. 2? · 5. 73 1200 0.59 · 1.53 
1300 0.66 o. 70 · 1300 1.33 6.35 1300 0.64 1. 72 
1400· o. 70 · 0,78 1400 1.45 6 .96 1400 0.70 1.89. 
1500 0.76 0,.86 1500 1..56 7.59 1.500 o.1s 2.09 
1600 · 0.81, 0.93 1600 1,70 8.21 1600 · 0.81 2.28 
1700 0.86 1.00 1700 1.80 9.02 1700 0,87 2,48 
1800 0,92 1.08 1800 1.92 9.75 1800 0~94 2.65 
1900 0.97 L15 1900 2.05 10.3 1900 1.01 2.88 
2000 1.03 1.24 2000 2.16 11.3 2000 1.07 3.12 
2100 1.08 1.33 noo 2.z8 12.1 2100 1.14 3.34 
2200 · 1.13 1,45 2200 2,41 i3.1 2200· 1.21 3.6r 
2300 1,19. 1.53 2.300 2.53 13.9 2300 1.28 3.88 
2400 1.25 1,6;1. 2400 2.68 14.7 2400 1.36 4,15 
2500 1.31 1.70 25©0 2.82 15.6 2500 1,43 4.44 
2600 1.37 1,82 ';'.~ --;,,., ~-, t. 2600 1.51 4.73 
2700 1.43 1.95 2600 1.59 5.06 
2800 1.48 2.05 2800 1.67 5.40 
2900 1.56 2.10 . 2900 1. 75 5.75 
3000 :L.63 2. 22 · 3000 1.83 6.14 
3100 1. 70 2,29 3100 1.93 6.54 
3200 1,. 77 2,43 3200 2.01 6.99 
3300 1.83 2,59 3300 2.10 7.47 
113 
114 
TABLE VIII (Continued) 
Cu(c104) 2 in l~butanol Ca(Cl04) 2 in 1-butanol Mn(Cld,) 2 in l-butanol 
AH - (L)xl02 Aii - (L)xl02 - (L)xl02 n n AH n 
3400 1.91 2. 71 3400 2.20 7.98 
3500 1.99 2.76 3500 2.31 8.46 
3600 2.05 2.99 3600 2.43 8.98 
3700 2,13 3.14 3700 2.55 9.54 
3800 2.21 3.31 380p 2.69 10.1 
3900 2.2s 3.51 390'0 2.83 10.7 
4000 2.39 3,60 4000 2.98 11.3 
,41()0 2.46 3.81 
·4200 2.56 3.95 
4300 2.64 4.18 
4400 2.73 4.38 
4500 2.84 4.58 
4600 2,93 4.81 
4700 3,03 5.06 
4800 3.13 5.30 
4900 3,24 5.66 
Sr(Cl04) 2 in 1-butanol Mg(Cl04) 2 in 1-butanol Zn(c104)2 in 1-butanol 
Ail - (L)xl02 AH - (L)xl02 AH - (L)xl02 n n n 
50 0.10 0.31 100 0.03 0.03 100 0.03 0.07 
100 0.15 0.75 200 0.06 0.05 200 0.07 0.12 
.150 0.19 1.24 300 a.as 0.09 300 0.09 0.23 
200 0.24 L.65 400 0.11 0.14 400 0.13 0,29 
250 0,30 2.11 500 0.14 0.16 500 0.16 0.38 
300 0.34 2.59 600 0.17 0.20 600 0.19 0.45 
350 0.39 3.07 700 0.19 0.25 700 0.24 0.48 
400 0.45 3.55 800 0.22 0.29 800 0.28 0.55 
450 0.51 4.00 900 0.26 0.34 900 0.33 0.60 
500 0.58. 4.46 1000 0.29 0.38 1000 0.37 o. 71 
.550 0.64 4.94 1100 0.32 0.43 1100 0.41 0.81 
600 o. 71 5.39 1200 0,35 0.49 1200 0.44 0.95 
650 0.76 5.89 1300 0.38 0.54 1300 o .··48 1.08 
700 0.84 · 6.35 1400 0.42 0.61 1400 0.51 1.19 
750 0,92 6. 77 1500 0.45 0,68 1500 0.54 1.35 
800· 0.99 7.26 1600. 0.49 0.74 1600 0.58 1.49 
850 1.03 7.96 1700 0.52 0,82 1700. 0.62 1.66 
900 1,13 8.19 1800 · 0.55 0.90 1800 0.66 1. 78 
950 1.20 a.so 1900 0.58 1.00 1900 0.70 1.96 
1000 1,27 9.28 2000 0.62 1.08 2000 'J.74 2.11 
2100 0.65 1.18 2100 0.78 2.27 
2200 0.69 1.28 2200 0.84 2.41 
2300 o. 71 1.39 2300 '.),87 2.60 
2400 0.75 1.51 2400 .) .93 2.76 
2500 o. 78 · 1.65 2500 :).97 2.95 
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St(Cl04) 2 in 1-but,nQ1 Mg(Cl04)2 in 1 .... butanol. Zn(Cl04)2 ii:,. 1-butanol 
AH ii ~L)~102 AH . ~ , (L) x;l..02 
. 2 
AH n (L).xlO 
2.600 O,~l 1~78 2600 1;02 3.13 
noo 0,84 1.93 · 2700 1.07 .3,34 
2800 0.88 2.07 2800. 1.12 · 3.56 
2900 0.91 2q 23 · 2900. l.16 3.89 
,3000 0.94 · 2.41 · 3000. 1.21 .4.15 
3100 0~97 2.60 · 3100 .. ],. 25 · 4.48 · 
3200 1.00 2. 79 · 3200. 1;30 4.84 
3300 1.03 2.99 3300 1.36 5.15 
3400 1,06 3. 22 · 3400. 1,.39 5.56 
3500 1.09 3.46 3500. 1.46 5.86 
3600 1.12 3.70 3600 · 1.51 6.26 
3700 1.57 6.69 
3800 · 1.63 7.16 
3900 l. 71 7.62 
4000 1.79 8.12 
4100 1.87 8,66 
4200· 1.94 9.31 
4300 2.02 9.84 
APPENDIX D 
TABL_E ;l'.X 
ENTHJ\LPY TITRATIOt{ DAT;\ ,TO HIGlI · · 
WATER CONCENTRATION 
2S.990·grams of 0.0161 M Cu(Cl04) 2 
0.0280 +2.85 · -2151 
0.0480 +1.03 -3409 
o,o6so -0.14 · -4286 
0.0880 -0~82 · -4941 
0.1080 -1.32. -543$ 
0.1280 -1;60 -5832 
0.1480 ~1.86 -6145 
0,1680 -2.03 -6402 
0,1880 -2.14 -6621 
0.2080 -2.26 -6800 
0.2280 -2.37 ~6942 
0.2480 -2.33 -7096 
0.2680 -2~40 -7225 
0.2880 -2i53 ... 7311 
0.3080 -2.58 · _737j 
0.3280 -2~58 -7445 
Q.3480 ... 2.66 •. ·7484 
0,3680 -2.62 -7534 
0.3880 -i.42 -7651 
0.4080 ~2.65 -7689 
0.4280 -2.68 -7761 
0.4480 -2.67 -7745 
0,4680 -2.68 -7770 
0.4880 -2.72. -7780 
0.5080 -2.63 -7818 
o.siao -2.12. -7826 
0.5480 -2,72 -7832 
0.5680 -2i66 -7857 · 
0,5880 -2.74 -7845 
0.6080 -2,66 -7876 
0.6280 -2~68 -7891 
0.6480 -2.68 -7904 
0.6680 -2.65 · -7927 
0,7880 -2,62, -8031 
o.8oso -2.,8 -8069 
0~8280 -2.59 , -8102 
o.8480 -2.55 -8147 
o.s9ao -z~,4 .. 8195 
0.8880 -2~57 · ~8305 
0.9Q80 ..,i·~·46 -8306 
o.~2so -2.47 -8373 
0,9480 · -2.47' ~8441 
0.9680 -2,47 -8507 
0.9880 -2.51 -8558 
1,0080 -2~38 -8653 
1.0280 -2.38 -8748 
1.0480 ~2.43 ~8823 
1.0680 -2.38. -8915 
1,0880 -2.40 -8999 
1~1080 -2,32 · -9109 
1.1280 -2,33 -9115 
1.1480 -2.32 -9324 
1.1680 -2.32 ~9431 
1.1880 -2.28 -9551 
1.2080 -2,23. -9688 
1,2280 -2~08 -9877 
1.2480 -2,25 -10005 
1.2680 .... 2,18 · -10156. 
l,2880 -2.18 -10307 
1.3080 -2.16 -10464 
1.3280 -2.18 -10612 
1,3480 -2.12 -10718 
1.3680 -2.08. -10963 
1,3880 -2.06 -11151. 
1.4080 -2,06 -11379 
1.4280 -2.07 -11521 
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1,5480 -1.92 -12806 
1~5660 -1.89 -13047 
1.5880 -1.93 -13273 
1.6080 -1;83 .-13533 
1.6280 ~1.83 ~13793 
1.6480 -1;84 ..• 14040 
1.6680 -1,77 --14329 
1,6880. -1,83. -14587 
1.7080 -1.74 .-14876 
1.7280 ~l.73 ~15168 
1~7480 -1~73 -15460 
1.7680 -1.68 .-15769 
1.7880 -1.72. -16062 
1.8080 -1.66 -16377 
1.8280 -1.66 -16691 
1.8480 -1.69 -16993 
1.8680 -1.62 -17320 
1.8880 -.1.63 ·17643. 
.1.9080 -1.59 -17979 
1.9280 -1.57 -18323 
1.9480 -1,59. --18658 
1.9680 -1;52 -~19018 
1.9880 -1.53 --19374. 
2.0080 -1.53 --19729 
2.0280 -1.52 .-20087 
2.0480· -1.47 .-20463 
2.0680 -1.43 -20847 
2.0880 -1.49 --20221 
2.1080 ~1.43 --20610 
2.1280 -1.42 -22002 
2.1480 -.1;41 ~22397 
2.1680. -1.35 -22814 
2.1880 -1.37. -23223 
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TABLE IX .. (Cont:inu~d) 
ml H20 s, in, · AH ml. B20 s ~ in, Ai ml_H20 s; in. ·"tdi. 
0.6880 .-2,73 --1n1 1,4480 .. 2.03 ... 11718 2,2080 -1~29 "."23661 · 
0.7080 -2.6~ -7947 1.4680 ... 2.03 -11913· 2.2280 -1.32 -24087 
0. 7280 -2.65 .-7966 l.4ij80 ... 2.02 -12110 2.2480 -1.33 -24509 
o. 7480 · -2.66 ... 7980 l,5080· -1,88 -1i~s1 ~.2680 -1.38 .,.z4912 
0.7680 !"2,62 · -8006 1.5280 -1.96 -J,2575 
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TABL.E IX (Continued) 
26.081 grams of 0,0598 M Cu(Cl04) 2 
ml H20 s~ in. L\H 1111 H20 s,, in. AH ml H2o. s. in. Aii 
0.0180 +2.87 - 89.3 0.5480 -1.42 -7794 1.5280 .-1.97 - 9810 
0.0280 +2.82 -1381 0~5680 -1.53 -7839 1.5480 -1.87 - 9913 
0.0380 +2.63 -1841 0.5880 -1.51: -7887 1.5880 -1. 90 · -10012 
0.0480 +2,34· -2271 0 .6080 -1.48 -7939· 1.6180 -1.92 -10170 
0.0580 +2.13 -2671 0.6280 -1.58 -7977 1.6480 -1.89 -10205 
o·; 0680 +1.88 -3039· 0.6480 -1.53 -8021' 1.67$0 -1.83 -10312 
0.0780 +1.58 "."3368 0.6680 -1.58 -8050 1.7080 -1. 75 -10431 
0.0880 +1.41 -3676 0.6880 -1.56 -8098 1.7380 -1. 75 -10549 
0.0980 +1.18 -3954 0.7080 -1.63 -8127 1. 7680 -1.82 -10665 
0.1080 +1.15 -4229 0. 7280 -1.63. -8156 1~7980 .. 1. 73 -10775 
0,1180 +0.89 "."4470 0.7480' -1;53 -8199 1,8280 -1. 74 .. 10892 
0.1280 +0.69 -4685 O. 7780 -2.43 -8243 1.8580 -1,63 -11025 
0.1380 +0.58 -4886 0.8080 -2:35 -8298 1.8880 · -1~66 -11153 
0.1480 +0.43 -5086 0.8380 -2.43 -8340 1. 9180 -1.67 -11279 -
0.1580· +0.33 ,..5237 0.8680 .. 2 .42 -8383 1.9480 -1.58 -11417 
0.1680 +0.24 -5394 o.~980 -2.34 -8437 1.9780 -1.58 . -11556 
0.1780 +0.17 -5524 0.9280 -2;45 -8474 2.0080 -1.54 -11699 
0.1880 +0 .• 08 -5678 0.9580 -2. 32 _ -8528 2.0380 -1.57 -11838 
0.198.0 +0.05 -5811 0.9880 -2.36 ... $576 2 .0680 · -1.53 .-11982 
0.2080 -0 .05 · -5930 1.0180 -2.37 · -8622 2.0980, ·1.46 -12137 
0.2?80 -0.28 -6146 1.0480 -2.27 ..-8681 2.1280 ... 1.50 -12284 
0.2480 -0.46 ..,,6337 J,..0780 -2.37 -8725 2.1580 -1.40 ... 12442 
0.2680 -0.62 -6!>.08 1.1080 -2.21 -8790 · 2.1880 ... 1;46 -12595 
0.2880 -0:74 -6662 1,1380 -2.33 -8838 2.2180 -1.42 -12754 
0.3080 -0.87 -6800 1.1680 -2.25 -8857 2.2480 ..-1.36 -12921 
0.3280 -0.97 -6924 · 1,1980 -2.23 -8957 2.2780 -1.38 ... 13085 
0;3480 -1.00 · -7043 1.2280 -2.23 -9017 2~3080 -1.30 -13260 
0,3680 -1.l.8 -7139 1.2580 -2.13 -9090- 2.3380 -1.36 -13426 
O .3880 · -1.16 -7237 ;L.2880 -2.14 -9160 2.3680 -1 ;,33 -13496 
0.4080 -1.29 -7138 1,3180 -2.16 -9227 2.3980 -1.24 -13780 
0.4280 -1.28 -7399 1.3480 -2.12 -9299 2.4280 -1.29 -13995 
0.4480 .-1.30 - -7478 1,3780 "."2,08. -9377 2 • .4580 -1. 22 - -14141 
0,4680 -1.39 -7544 1.4080 -2.02 -9462 2.4880 -1.27 -14319 
0.4880 -1.33 -7618 1.4380 -2.03 -9545 2 ,5180 -1. 20'' -14507 
0.5080 -1.43 -767$ 1.4680 -2.03 -9628 2.5480 -1.17 -14699 
0.5280 -1.47 -7733 l.4980 -1.96 -9720 
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TABLE IX (Continued) 
27.434 grams of 0.0216 M Ca(C104) 2 
ml H20 s, in, AH ml H20 s, in, LiH ml H20 s, in, Lili 
0.0200 -0.57 - 513 0.7600 -2.33 -5579 1.5000 -1;85 - 8800 
0.0400 -0.87 - 952 0.7800 -2.29 -5634 1.5200 -1.90 - 8931 
0.0600 -1;08 -1338 0.8000 -2.33 .... 5677 1.5400 -1.84 - 9077 
0.0800 -1, 18 -1699 0,8200 -2 .30 -5728 1.5600 -1; 79 - 9237 
0.1000 -1.33 -2022 0.8400 -2.29 -5780 1.5800 -L 77 - 9402 
0.1200 -1.49 -23©5 0.8600 -2.31 -5826 1.6000 -1.87 - 9539 
0.1400 .... 1.52 -2579 0.8800 -2.28 -5880 1..6200 -1. 76 - 9705 
0.1600 .-1.67 -2816 0.9000 .,.2 .30 -5927 1.6400 -1. 75 - 9873 
0.1800 -1.67 -3051 0.9200 -2.28 -597$ 1.6600 -1.68 -10060 
0.2000 -1.77 -3261· O .940.0 -4~28 -6029 · 1.6800 -1~70 -10241 
0.2200 ..... 1. 82 . -34~8 0.9600 -2,28 -6079 1. 7000 -1.68 -.10427 
0.2400 '"'l, 90 · -3634 0.9800 -2 .19 · ·-6152 1. 7200 -1,60 -10635 
0.2600 -1;96 -3794 1.0000 -2.30 -6194 1. 7400 -1.63 -10834 
0.2800 ...;2 .02 · -3939 1.0200 -2.16 -6274 1.7600 -1.52 -110.63 
0.3000 ...12. 03 -4080 1.0400 -2.20 -6341. 1. 7800 -1.66 -11252 
0.3200 -2 ,09. -4205 1.0600 -2.04 -6451 1.8000 -1.58 -ll-463 
O. 3400 · -2.12 -4321 i.0800 · -2.15 -6530 1.8200 -1.57 -11676 
0.3600 -2.18 -4422 1.1,000 -2.09 -6624 1,8400 -1.57 -11888 
0.3800 -2,14 -4532 · 1.1200 -2.16 -6701 1.8600 -1;48 -12126 
0.4000 -2.21 -4624 1.1400 -2.23 -6756 1.8800 -1.52 -12351 
0.4200 -2.17 -4724 1.1600 -2.10 -6846 1.9000 -1.53 -12574 
0.4400 -2. 24 · -4806 1.1800 -2.10 -6935 1.9200 -1.47 -12812 
0.4600 -2.24 -4887· 1.2000 -2.12 -7018 1.9400 -1.49 -13045 
0.4800 -2.31 -4950 1.2200 -2.12 -7100 1.9600 -1.43 -13294 
0.5000 -2,28 -5019 1.2400 -2.00 -7214 1.9800 -1.47 -13530 
0.5200 -2.33 -5074 1.2600 -2 .02 -7321 2 ,0000 -1.48 -13764 
0.5400 -2.38 -5116 l. 2800 -1.96 -7444 2.0200 -1.43 -14003 
0.5600 -2.27 -518~ 103000 -2002 -7550 2.0400 -1.43 -1424.8 
0.5800 -2 .30 · -5246 1. 3200 -1.87 -7696 2.0600 -1.42 · -14498 
0,6000 -2.37 -5287 1.3400 -2.02 -7801 ·. 2.0800 -1.42 -14747 
0.6200 -2.41 -5318 L3600 -2.03 -7902 2.1000 -1.38 -15006 
0.6400 -2.33 -5368 1.3800 -1.97 -8019 2.1200 -1.45 -15245 
0.6600 -2. 34 · -5415 1.4000 -1.93 -8146 2.1400 -1,30 -15527 
0.6800 -2.38 -5451 1,4200 -1.93 -8272 2.1600 -1.35 -15757 
0.7000 -2.36 -5491 1.4400 · -;t..95 -8391 2.1800 -1.33 -16065 
0, 7200 · -2,38 .,.5525 1.4600 -1.92 -8519 2.2000 -1.33 -16336 
0.7400 -2.47 -5534 1.4800 -1.89 -8654 
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TABLE . IX (Continued) 
25.732 grams of 0.0407 M Ca(Cl04) 2 
ml H20 s, in, tiii ml H20 s; in. tiH ml a2o s, in. tiii 
0.0200 +0.44 - 441· 0.8000 -1.87 -5651 1.5800 -1.52 - 8490 
0.0400 +0.13 - 834 0.8200 -1.94 -5695 1.6000 -1.38 - 8615 
0.0600 -0 .10 · -1190 0.8400 -1.88 -5750 1.6200 -1.47 · - 8722 
0.0800 -0 .27 . -1519 0.8600 -1.93 -5796 1.6400 -1.42 - 8838 
0.1000 -0.46 -1818 0.8800 -1.93 -5841 ·. 1.6600 -1.37 - 8963 
0.1200 -0.60 -2095 0.9000 -1.87 -5895 1.6800 -1.41 - 9081 
0.1400 -0.74 -2349 0.9200 -1.87 -5949 1.7000 -1.32 - 9214 
0.1600 -0.84 -2587 0.9400 -1.83 -6009 1.7200 -1.33 - 9345 
0.1800· -0.94 -2809. 0.9600 -1.84 -6067 1.7400 -1.33 - 9475 
0.2000 -1.11 -3003 0.9800 -1.92 -6111 1. 7600 -1.32 - 9607 
0.2200 -1.12 ':'"3196 1.000 -1.82 . -6172 1.7800 -1.37 - 9730 
0.2400 -1.32 -3356 1.0200 -1.89 -6220 1.8000 -1.27 - 9857 
0.2600 -1.33 -3514 1.0400 -1.82 -6279 1.8200 -1.30 -10004 
0.2800 -1.38 -3664 1.0600 -1. 78 -6345 1.8400 -1.28 .-10143 
0.3000 -1.39 -3811 1.0800 · -1.87 -6395 1. 8600 -1.25 -10286 
0.3200 -1.52 -3938 1.1000 -1. 77 -6461 1.8800 -1.28 -10423 
0.3400 -1.55 -4059 1.1200 -1.81 -6520 1.9000 -1.19 -10576 
0.3600 -1.57 -4176 1.1400 -1. 73 -6593 1. 92.00 -1.26 -10710 
0.3800 -1.62 -4284· 1.1600 -1. 77 -6658 1.9400 -1;22 -10864 
0. 4000 · -1.62 -4393 1.1800 -1. 78 -6721 1.9600 -1.22 -11010 
0.4200 -1. 72 -4484 1.2000 ... 1,68. -6801 1.9800 -1.26 -11150 
0.4400• -1; 72 -4575 1.2200 -1.72 -6873 · 2.0000 -1.15 .-11309 
0.4600 -1. 77 -4658 1.2400 -1.68 -6952 2.0200 -1.20 -11458 
0.5800 -1.83 -4730 1.2600 -1. 70 -7026 2.0400 -1.17 -11613 
0.5000 -1.76 -4813 1.2800 -1. 75 -7092 2.0600 -1.13 -11775 
0.5200 -1.83 -4884 1.3000 · -1.62 -7180 2.0800 -1.16 -11930 
0.5400 -1.84 -4953 1.3200 -1.67 -7259 2.1000 -1.08 -12101 
0.5600 -1.91 -5009 1;3400 -1.61 · -7348 2.1200 -1.12 · .. -12264 · 
0.5800 -1.94 -5061 1.3600 -1.68 -7434 2.1400 -1.08 -12430 
0.6000 -1.80 -5134 1.3800 -1.68 -7510 2.1600 -1.07 -12605 
0.6200 -1.96 -5181 1.4000 -1.55 -7608 2.1800 -LlO -12771 
0.6400 -1.88 -5241 1.4200 -1.61 -7702 2.2000 -1.03 -12949 
0.6600 -1.89 -5298 1.4400 -1.57 -7788 2.2200 -1.07 -13120 
0.6800 -1.93 -5349 1.4600 -1.56 -7883 2,2400 -1.02 -13300 
0.7000 -1.90 -5403 1.4800 -1.58 -7974 2.260 -1.02 -13479 
o. 7200 -1.97 -5446 1.5000 · -1.47 -8085 2.2800 -1.02 -13658 
0.7400 -1.88 -5503 1.5200 -1.52 . -8185 2.3000 -0.97 -13847 
0.7600 -1.93 -5551 1.5400 -1.52 -8286 
0.7800 -1.96 -5693 1.5600 -1.49 -8391 
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TABLE IX ( Qon tinued) 
25.921 grams.of 0.0166 M Zn(C104) 2 
ml H20 s, in. L':.H ml H20 s, in.- t.ii 
0.0050 +1.10 - 653 0.6400 -2.18 -6140 
0~0100 +0.82. -1197 0.6600 -2.22 -6128 
0.0200 +0.96 -2020· 0.6800 -2.05 -6184 
0.0300 +0.43 -2637 0. 7000 · -2.18 -6185 
0.0500 +0.08 -3118 0.7200 -2.17 -6189 
0.0600 -0 .52 . -3812 0.7400 -2018 -6187 
0.0800 · -1.01 -4314 0.7600 -2014 -6201 
0;1000 -1.38 -4669 0.7800 -2006 -6246 
0.1200 -L52 -{4969 008000 -2 012 . -6256 
0.1400 -1. 77 -5168 008200 -2 .08 · -6300 
0.1600 -L85 -5455 0.8400 -2 0 04 . -6349. 
0.1800 -1. 97 . -5453 0.8600 -2.06 -6390 
0. :2000 -1.97 ..:5570 0~8800 -1.94 -6478 
0.2200 -1.99 -:5677 0.9000 · -2.03 -6528 
0.2400 -2.08 -5747 0.9200 · -2002 -6581 
0.2600 -2.10 -5808 0.9400 -1.96 -6656 
0. 2800 ·. -2.07 -5880 0.9600 -1.97 -6729 
0.3000 -2014 .-5923 0.9800 -1.88 -6831 
0, 3200 · -2.12 -5972 1,0000 -L95 -6914 
0.3400 -2.15 -6008 1.0200 -1.91 -7007 
0.3600 -2.18 -6031 1.0400 -1.90 -7103 
0.3800 -2.17 -6056 1.0600 -1.90 -7197 
O .4000 · -2022 -6061 1.0800 -1.82 -7324 
0.4200 -2023 -6060 1.1000 -:-l.88 -7425 
0.4400 -2.21 -6066 Ll200 -lo83 -7545 
0.4600 -2, 22 · -6070 101400 -1. 78 -7686 
0;4800 -2.21 -6070 1.1600 -1.85 -7796 
0 ~ 500.0 -2.19 -6081 1~1800 -L74. -7951 
0.5200 -2 .22 · -6078 1.2000 -1. 77 -8092 
0.5400 .... 2.18. -6090 1.2200 -1. 73 -8249 
0.5600 -2.17 -6105 1,2400 -1.68. -8427 
0.5800 -2017 -6119 1.2600 · -1.76 -8569 
0~6000 -2.22 -6111 1.2800 · -1.72 -8728 
0.6200 -2.14 -6134 
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TABLE IX (Continued) 
26.971 grams of 0.0717 M Zn(C104) 2 
ml H20 s, in. llii ml H20 s, in. llii 
0.0500 +2.45 - 274 0.8600 1-1. 83 -6418 
0.0100 +2.16 - 522 0.8800 -1.91 -6441 
0.0150 +1.76 - 734 0.9000 -1.90 -6465 
0.0200 +1.96 - 964 0.9200 -1.92 -4686 
0.0300 +3.92 -1423 0.9400 -1.87 -6512 
0.0400 +3.15 -1813 0.9600 -1. 78 -6547 
0.0600 +5.13 -2486 0.9800 -1.84 -6576 
0.0800 +3.54 -3014 1.0000 -1.90 -6598 
0.1000 +2.52 -3450 1.0200 -1.84 -6626 
0.1200 +l. 72 -3811 1.0400 '""L 79 -6659 
0.1400 +1.00 -4107 1.0600 -1.82 -6689 
0.1600 +o;48 -4355 1.0800 -1.81 -6719 
0.1800 +0.04 -4563 1.1000 -1.82 -6749 
0.2000 -0.27 -4742 1.1200 -1. 74 -6785 
0.2200 -0.57 -4893 1.1400 -1.82 -6814 
0.2400 -0.78 -5025 1.1600 -1. 75 -6849 
0.2600 -0.96 -5140 1.1800 -1.72 I -6887 
0.2800 -1.10 -5242 1.2000 -1.H -6923 
0.3000 -1.21 -5334 1.2200 -1.6~ -6964 
0.3200 -1.33 -5414 1.2400 -1. 72 -7002 
0.3400 -1.37 -5490 1.2600 -1.67 -7044 
0.3600 -1.54 -5551 1. 2800 -1.66 -7086 
0.3800 -1.54 -5611 1.3000 -1. 73 -7122 
0.4000 -1.57 -5668 1.3200 -1.64 I -7166 
0.4200 -1.63 -5720 1. 3400 -1. 73 -7201 
0.4400 -2.00 -5738 1.3600 -1.62 -7247 
0.4600 -1.86 -5769 1.3800 -1.62 -7292 
0.4800 -l.'82 -5804 1.4000 -1.6·) -7339 
0.5000 -1.72 -5848 1.4200 -1.56 -7390 
0.5200 -1.66 -5897 1.4400 -1.61 -7436 
0.5400 -1.80 -5933 1.4600 -1.53 -7489 
0.5600 -1 •. 84 -5965 1.4800 -1.57 -7538 
0.5800 -1.84 -5997 1.5000 -1.52 -7591 
0.6000 -1.84 -6029 1.5200 -1.44 -7653 
0.6200 -1.83 -6062 1.5400 -1.54 -7705 
0.6400 -1.86 -6092 1.5600 -1.42 -7767 
0.6600 -1.88 -6120 1.5800 -1.48 -7824 
0.6800 -1.94 -6142 1.6000 -1.43 -7886 
0.1000 -1.97 -6161 
o. 7200 -1.89 -6187 
0.7400 -1.93 -6209 
0.7600 -1.67 -6256 
0.7800 -1.80. -6290 
0.8000 -1. 75 -6329 
0.8200 -1.83 -6360 
0.8400 -1.87 -6387 
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TABLE IX (~ontinued) 
27.628 gra'l!ls of 0.0181 M Mn(C104) 2 
ml H20 s., in. t.ii ml H20 s, in. t.ii 
0.0050 +0.73 - 451 0 .62.00 -2.08 -5829 
0.0:{..00 +0.56 - 843 0.6400 -2.06 -5837 
0.0200 +0 .• 58 -1435 0.6600 -2.06 -5844. 
0.0300 +0.33 -1939 0.6800 -2.12 -5827 
0.0400 +0 .• 12 -2369 0.1000 -1.98 -5862 
0.0600 -0.28 -3045 0.1200 -2.02 -5880 .. 
0.0800 -Q.78 -3542 0~7400 -1.96. -5921 ·. 
O.l,000 -1.08 -3932 0.7600 -2.10 -5907 
0.1200 -i.n -4235 0.7800 -2.02 -5922 
0.1400 -1.46 -4487 0.8000 -2.00 -5944 
0.1600 -1.59 -4691 0~8200 -2.02 -5957. 
o.1aoo -1.68 -4864 0.8400 -1.96 -5992 
0.2000 -1.73 -50],7 0.8~00 -2.03 -5999 
0.?200 -1.92 -5100 o.ssoo -1.93 -6043 
0.2400 -1.92. ,-5222 · 0.9000 -1.93 -6085 
0.2600 -1.98 -5291 0.920Q -1.95 -6120 
0.2800 -1.8.9 -538i 0.9400 -1.88 -6179 
0.3000 -L96 .. 5445 0.9600 -1.93 -6219 
0.3200 -2.04 ,..5479 0.9800 · -1.88 -6276 
0.3400 -1.94 -5548 1.0000 -1.82 ":"6330. 
0.3600 -2.03 -5583 1.0200 · -,.1.92. -6396 
0.3800 · -2.06 ,-5606 1.0400 -1.82 -6473 
0 .4000 · -2.00 -5649 1.0600 -1.86 -6534. 
0.4200 -2.04 -5677 1.0800 · -1.88 -6586. 
0.4400 -2.03 -5707 1.1000 -1.83 -6657. 
0.4600 -2.10 -5710 1.1200 -1.78 -6746. 
0.4800 · -2.05 -5730 · 1.1400 -1.74 ,-6849. 
0.5000 -2.02 -5761 1.1600 · -1. 79 -6932 
0.5200 · -2.10 -5761 1.1800 -1. 74 -7034. 
0.5400 -~.03 -5786 1.2000 · -1. 70 .,..7150 
0.5600 -2.04 -5806 1.2200 -1. 73 -7253 
0.5800 · -2.08 -5810 1.2400 -1. 75 -7348 
0.6000· -.204 -5827 
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TABLE IX (Continued) 
27 .229. gra.s of .0.0639 M Mn(Cl04) 2 
ml H20 s ,> in. Lili ml H20 s, in. tiJi 
0.0050 +1.82 - 240 O .8400 · -1.90 -5901 
0.0100 +1.56 - 453 0.8600 -1.87 -5927 
0.0200 +2.26 - 794 0.8800 -L.92 -5947 
0.0300 +2.23 -1132 0.9000 -L91 -5968. 
0.0400 +2 .28 -1475 0.9200 -1.87 -5993 
0.0600 +3.34 -2038 · .0.9400 -1;86 -6018. 
0.0800 · +2.38 -25.05 0.9600 '-L87 · -6043. 
0.1000 +l,82 -2915 0.9800 -1.85 -6069 
0.1200 +l.13 -3256 1.0000 -1.83 -6097 
0.1400 +0.64. -3546 i.02QO -1.87 -6121. 
0.1600 +0.25 -3797 1.0400 -1.82 -6150. 
0,1800 -0.10 -4013 1.0600 -1.78 -6183 
0.2000 -0.36 -4201 1.0800 -1. 78 -6216 
0.2200 -0.60 -4365 1.1000 -1. 77 -6250. 
0.2400 -Q.83 -4505 1.1~00 -1.76 -6284. 
0.2600 ... 0.96. -4632 1.1400 -1.76 -6319. 
0.2800 -1.09 -4745 1.1600 -1.77 -6352. 
0.3000 -1.22 -4844. 1.1800 -1. 74 -6388. 
0.3200 -1.34 -4931 1.2000 -1. 73 -6425. 
0.3400 -L40 -5012 1.220 -L.67 -6468 
0.3600 -1.43 -5089 1.2400 -1.68 -6511. 
0.38~0 -1.52 -5157 1.2600 -1. 72 -6548 
0~4000 -1..62. -5214. 1.2800 -1. 72 -6586. 
o.42eo -L62 -5270 1.3000 -1.66 -6629. 
0.4400 -1.64. -5325 1.3200 -1. 72. -6666. 
0.4600 .-1. 76 -5367 1.3400 -1.67 -6708 
0.4800 -1.68 -5416 1.3600 - -1.65 -6753 
0.5000· -1.84 -5449 1.3800 · -1.64 ... 6798 
0.52-00 -1~78 -5488 L4000 -1.64 -6843 
0.5400 -1.83 -5522 1.4200 -1~57 -6910. 
0.5600 -1.87 -5551 1.4400 -1.57 -6977 
0.5800 -1.84 -5583 1.4600 -L62 -7039, 
0.6000 -L87 -5611 1.4800 -L.56 -7107 
0.6200 -L81 -5646 1.5000 -1~58 -7172. 
0.6400 -1.97 -5663 1.5200 -1.56 -7240 
0.6600 -1.92 · -5686 1.5400 -1.55 -7308 
0.6800 -L79 -5722 1.5600 -L52 -7379. 
o. 7000 · -L91 -5745 1.5800 -1.47 -7455 ', 
0.7200 -1.92 -5767 1.6000 -1~48 -7530. 
0.7400 -1.93 -5787 1.6200 -1~44 -7609 -
0.7600 -1993 -58.08 · 1.6400 -1~43 -7688 
0.7800 -l~.88 -5833 1.6600 -1~43 -7768 
0.8000 -1.88 -5858 · 1.6800 -1.44 -7846. 
0.82.00 -1.92 -5879 · 1.7000 -1.43 -7925 
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TABLE IX (Continued) 
27.993 grams of 0.0250 M Sr(C104) 2 
ml H20 s, in •. tiii ml H20 s, in. tiii 
0.0076 -0.40 - 108 0 .6776 -L96 -3745 
0.0176 -0.53 - 249 O .6976 -1.96 -3774 
0.0276 -0.56 - 382 0, 7176 -L85 -3832 
0.0376 -0.58 - 509 Oa7376 -1.93 -3868 
0. 0576 -1.16 - 765 0.7576 -L87 -3921 
0.0776 -L27 - 991 0 0 7776 -L93. -3956 
0.0976 -1.29 -1212 Oa7976 -la96 -3982 
0.1176 -1.35 -1416 0.8186 -L92 -4019 
0.1376 -1.42 -1603 Oa8376 -L94 -4050 
0.1576 -L47 -1775 0.8576 -1.86 -4102 
0 .1776 -1.47 -1948 Oa8776 -L87 -4150 
0.1976 -1.57 -2093 Oa8976 -1.87 -4198 
0.2176 -1.58 ,-2236 0.9176 -1.89 -4240 
0.2376 -1.66 -2357 0.9376 -1.87 -4287. 
0.2576 -1.69 -2470 0.9576 -1.85 -4339. 
0.'.?,776 -1. 76 -2564 0.9776 -1. 79 -4407 
0.2976 -1.73 -2666 0.9976 :-1.86 -4455. 
0.3176 -L77 -2756 1.0176 -L75 -4532 
0.3376 -1.78 -2844 1.0376 -1.77 -4604 
0.3576 -1.82 -2920 1.0576 -1.79 -4670. 
0.3776 -1.84 -2991 1.0776 -L75 -4746 
0.3976 -L84 -3061· 1.0976 -1,80 -4808 
0.4li76 -1.84 -3130 1.1176 -L72 -4891 
0.4376 -1,90 -3183 1.1376 -L73 -4971 
0.4576 -1.90 -3236 1.1576 -1.76 -5042· 
O. 4 776 -1,89 -3290 1.1776 -1.69 -5132 
0.4976. -1.86 -3352 1.1976 -1.73 -5210 
0.5176 -1.89 -3406 1.2176 -1.70 -5297. 
0.5376 -L92 -3450 1. 2376 -L67 -5391. 
0.5576 -L96 -3484 1.2576 -L71 -5473 
O. 5 776 -1.86 -3544 L2776 -1o·59 -5588 
0.5976 -L89 -3596 1.2976 -1.64 -5689 
0.6176 -L93 -3635 1.3176 -L58 -5806 
0.6376 -1.90 -3682 L3376 -L62 -5912. 
0.6576 -1.95 -3716 1.3576 -1.62 -6017 
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TABLE IX (Continued) 
250932 grams of 000121 M Mg(C104) 2 
ml H20 s, in. · AH ml H20 s, in, AH 
0.0050 +LSO -1147 0,5000 -2. 28 .. -6135. 
0.0100 +0.72 -1852 005200 -2.23 -6112. 
o.02qo +0.78 -2913 005400 -2023 -6087 
0.0300 +0.14 -3608 005600 -2022 -6066 
0.0400 -0.22 -4100 0.5800 -2 .16 ; -6078 
0.0600 -1.02 · -4758 0.6000 -2.20 -6064. 
0.0800 -1.42 , -5183 0.6200 -2015 -6079 
0.1000 -1.67 -5512 0.6400 -2017 -6080 
0.1200 -1.82 -5757 0.6600 -2.15 -6091 
0.1400 -1.90 -5955 0.6800 -2.09 -6135 
0,1600 -1.98 -6108 0,7000 -2.15 -6144 
0.1800 -2.07 -6208 007200 -2010 -6180. 
0.2000 -2.09 -6295 007400 -2 .os . -6243. 
0.2200. -2 .14 . -6353 0.7600 -2.05 -6306. 
0.2400 -2.21 -6369 0.7800 -2 .05 . -6367. 
0.2600 -2,13 -6427 0.8000 -2.08 -6410 
0.2800 -2.22 -6434 0.8200 -2007 -6458. 
0.3000 -2.20 -6449 008400 -2.06 -6510 
003200 -2.26 -6429 0.8600 -2.05 -6568 
0~3400 ... 2 .28 -6396 0.8800 -1.97 -6670. 
0.3600 -2022 -6394 0.9000 -2. 02 ·. -6742. 
0.3800 -2.27 -6362 009200 -1.95 -6854 
0.4000 -2 o 19 I -6373 0.9400 -1.92 -6981. 
0.4200 -2.24 -6354 0.9600 -L98 -7073. 
0,4400 -2.30 -6299 009800 -L90 -7211 
0.4600 -2. 32 . -6231 LOOOO -L97 -7307 
0.4800 -2,28 -6184 
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TABLE IX (Continued) 
27 .515 grams of 0,0629 M Mg(C104) 2 
ml H20 s' ino 6H ml H20 s, in. 6ii 
0.0050 +3.97 - 462 0.6500 -L83 -7203 
0.0100 +2.90 - 815 0.6700 -1. 88 . -7225. 
0.0150 +2.63 -1140 006900 -L83 -7252 
0.0200 +2.18 -1419 0 0 7100 -L83 -7278 
0.0300 +4.41 -1984 0,7300 -L92 -7295 
0.04()0 +3.96 -2504 007500 -1.82 -7322 
0.0500 +3,52 -2978 0 0 7700 -1.90 -7340 
0.0700 +5 .• 23 -3743 0.7900 -L87 -7361. 
0.0900 +3.43 -4323 008100 -1.84 -7386. 
0.1100 +Z,.27 -4784 0.8300 -1.84 -7410. 
0,1300 +L31 -5146 0.8500 -1.85 -7432 
0.1500 +0.63 -5437 0,8700 -L82 -7458 
0.1700 +0 .• 11 -5675 0.8900 -L86 -7478 
0.1900 -0.27 -5873 0.9100 -L84 -7501. 
0.2100 -0.58 -6038 0.9300 -1.85 ..,7523 
0.2300 -0, 79 -6181 0.9500 -1.78 -7552 
0.2500 -0,98 -6304 0.9700 -1,79 -7552. 
0.2700 -1.14 -6410 0.9900 -1.76 -7610 
0.2900 -1 • .32 -6496. 1.0100 -1. 77 -7639. 
0.3100 -1,34 -6581 1.0300 -L78 -7666 
0.3300 -1.52 -6645 1.0500 -1.75 -7696 
0.3500 -1.52 -6710 1.0700 -1.76 -7726. 
0.3700 -1.52 -6774 100900 -1.70 -7762. 
0.3900 -L67 -6823 1.llOO -L 72 .,.7795 
0.4100 -1.71 -6866 1,1300 -L68 -7832 
0.4300 -1.71 -6918 1.1500 -1.72 -7865. 
0.4500 -L74 .,-6958 1.1700 -L73 -7896 
0.4700 -1.77 -6994 1.1900 -1.67 -7934. 
0.4900 -2.05 -7000 102100 -1.68 -7970 
0.5100 -L87 -7025 102300 -1.68 -8006. 
0.5300 -1,86 -7051 102500 -1.64 -8046 
0.5500 -1.83 -7080 L2700 -1.66 -8084. 
0.5700 -lo81 -7111 102900 -1.64 -8123. 
0.5900 -1.91 -7130 1.3100 -1.61 -8166. 
0.6100 -L87 -7154 103300 -1.63 -8207. 
0.6300 -L89 -7175 1.3500 -1.62 -8248 
APPENDIX E 
GLOSSARY 
C = analY-tical molar concentration of metal, M 
M 
CL = analytical molar concentr.ation of ligand, L 
Qcal ... experimental heat of reaction of L with solution 
Q~ix = experimen1=al .heat of mixing .of L with 1-butanol 
Qrx = experimental heat of reaction of L with M 
H£ = standard molar enthalpy of pure liquid L , 
\ = partial molar enth.!3.lpy of L in binary solution at concentration 
CL 
~ = partial molai;- enthalpy of M in binary solution at·concentration 
CM 
H' = partial ,molar enthalpy of L in the equilibrium mixture L 
~ = partial molar enthalpy of M in the equilibrium mixture 
H-= molar heat of reaction of L with M 
s = overall formation constant of complex :ML n n 
h = overall enthalpy of formation of complex ML n n 
s = overall entropy of formation of complex ML n n 
a = concentration fraction of M complexed as ML n n 
n =-average ligand number 
(L) = free ligand con~entration 
ERR= standard error of est:f,mate of a pair of n, (L) value~ 
P = average fractional error of data set 
a= standard deviation 
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GLOSSARY (Continued) 
cr2 = variance 
W = weight of an experimental point 
S " = minimum sum of squares min 
y = ingex of preferential solvation 
R = truncation error 
A= equivalent conductance 
L8 = specific conductance 
ri = ionic.radius 
kn= cons~ant for formation of MLn from MLn-l 
g • overall free energy of formation of ML n n 
K • average· formation constant av 
n"" number of moles 
y = moles of ligand L 
z = moles of metal M 
x- = perchlorate anion 
S = molecule of solvent 
w = cone en tra tion fraction of .M as ML x np n p 
c = ·heat capacity in calories/inch p 
i amperes. 
E = voltage 
t = time in seconds 
s = distanGe of recorder pen travel in inches 
V = volume of sol~tion 
E = dielectric constant 
µ=dipole moment 
h = average binding energy 
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